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Abstract
The work presented in this thesis was broadly focussed on the investigation of the magnetic
behaviour of different superconducting materials in the form of bulk (singe crystals and pel-
lets) and thin films (nanomagnetic devices like superconducting spin valves etc). Neutrons and
muons were extensively used to probe the structural and magnetic behavior of these sys-
tems at the nanoscale along with bulk characterisation techniques like high-sensitive mag-
netic property measurements, scanning probe microscopy and magneto-transport measure-
ments etc. The nanoscale interplay of Superconductivity and Ferromagnetism was studied
in the thin film structures using a combination of Polarised Neutron Reflectivity (PNR) and
Low Energy Muon Spin Rotation (LE-µSR) techniques while bulk Muon Spin Rotation (µSR)
technique was used for microscopic magnetic investigation in the bulk materials.
In the Fe/Pb heterostructure, evidence of the Proximity Effect was observed in the form of
an enhancement of the superconducting penetration depth (λs) with an increase in the fer-
romagnetic layer thickness (dF ) in both the bilayered and the trilayered structures. The ex-
istence of an Inverted Magnetic Region was also detected at the Ferromagnet-Superconductor
(F/S) interface in the normal state possibly originating from the induced spin polarisation
within the Pb layer in the presence of the neighbouring Fe layer(s). The spatial size (height
and width) of the Inverted Magnetic Region did not change much while cooling the sample
below the superconducting transition temperature (Tc) and it also stayed unaffected by an
increase in the Fe layer thickness and by a change of the applied magnetic field.
In the superconducting spin valve structure containing Permalloy (Py) as ferromagnetic
layer and Nb as the superconducting layer, LE-µSR measurements revealed the evidence
of the decay of magnetic flux density (as a function of thickness) within the Nb layer sym-
metrically from the Py/Nb interfaces towards the centre of the Nb layer in the normal state.
The thickness dependent magnetisation decay occured over two characteristic length scales
in the normal state that stayed of similar values in the superconducting state also. In the
superconducting state, an additional contribution towards the magnetisation was found in
x
ABSTRACT
the vicinity of the Py/Nb interfaces possibly originating from the spin polarisation of the
singlet Cooper pairs in these areas.
The nanoscale magnetic investigtion on a highly engineered F/S/F structure (where
each of the F blocks made of multiple Co/Pd layers with magnetic moments aligned per-
pendicular to the plane of these layers and neighbouring magnetic blocks separated by Ru
layers giving rise to antiferromagnetic alignment) using LE-µSR showed an antisymmetric
thickness dependent magnetic flux density profile with two characteristic length scales. In
the superconducting state, the magnetic flux density profile got modified within the super-
conduting Nb67Ti33 layer near the F/S interfaces in a way similar to that of observed in the
case of Py/Nb system, most likely because of the spin polarisation of the superconducting
electron pairs.
The vortex magnetic phase diagram of Bi2Sr2Ca2Cu3O10−δ was studied using the Muon
Spin Rotation (µSR) technique to explore the effects of vortex lattice melting and rearrange-
ments for vortex transitions and crossover as a function of magnetic field and temperatures.
At low magnetic fields, the flux vortices undergo a first order melting transition from a vor-
tex lattice to a vortex liquid state with increasing temperature while another transition also
occured with increasing field at fixed temperature to a vortex glass phase at the lowest tem-
peratures. Evidence of a frozen liquid phase was found in the intermediate field region at
low temperature in the form of a lagoon in the superconducting vortex state which is in
agreement with earlier observations made in BiSCCO-2212 [1].
The magnetic behaviour of the unconventional superconductor Sr2RuO4 was investi-
gated using µSR to find the evidence of normal state magnetism and the nature of the vortex
state. In the normal state, a weak hysteretic magnetic signal was detected over a wide tem-
perature and field range believed to be supporting the evidence of a chiral order parameter.
The nature of the vortex lattice structure was obtained in different parts of the magnetic
phase diagram and the evidence of magnetic field driven transition in the lattice structure
was detected from a Triangular→Square structure while the vortex lattice stayed Triangular
over the entire temperature region below Tc at low fields with a disappearence of pinning at
higher temperatures.
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1
CHAPTER I INTRODUCTION TO SUPERCONDUCTIVITY
1.1 Introduction to Superconductivity
The electrical resistivity of many metals and alloys drops suddenly to zero when the spec-
imen is cooled below a sufficiently low temperature. This phenomenon, called supercon-
ductivity, was first observed by Kammerling Onnes [2] in 1911. The superconducting state
is characterised by its zero electrical resistivity (ρ = 0). Although hypothetically perfect con-
ductors also show similar zero electrical resistance state, however, their magnetic properties
are not similar to the superconductors. This can be explained by using Maxwell’s equa-
tion : ∂B/∂t =∇×E = 0. As the electric field E = ρj = 0 for a superconductor, so a zero
electrical resistance state implies that the flux through the superconducting material does
not change with time on cooling through the transition temperature (Tc). However, when
cooled in a static magnetic field, a superconductor can produce permanent eddy current
screening i.e perfect diamagnetism which is not possible for a perfect conductor without any
loss. Thus a superconductor has this unique combination of a zero electrical resistivity state
and perfect diamagnetism. The dramatic magnetic properties of superconducting materials
are explained below.
1.1.1 Magnetic Properties
The magnetic behaviour of a superconductor can be different for different regimes of the
applied magnetic fields. For low magnetic fields (lower than the lowest critical field), a
superconductor behaves like a perfect diamagnet. However, above a certain lower critical
field, the perfect diamagnetism property does not survive any more and the magnetic be-
haviour is different for a type-I and type-II superconductor. A type-I superconductor turns
into a normal metallic state above the critical field while a type-II superconductor moves to
a mixed state above the lower critical field. Above a certain upper critical field, the super-
conducting property for a type-II superconductor is destroyed completely and it becomes
paramagnetic.
1.1.1.1 Meissner State
A bulk superconductor in a weak magnetic field acts as a perfect diamagnet, with zero mag-
netic induction in the interior. When a specimen is placed in a magnetic field and cooled
below the superconducting transition temperature Tc, the supercurrents flowing in the ma-
terial establish a magnetic field in a direction opposite to the direction of the externally ap-
plied field and the magnetic flux gets ejected from the specimen. This is known as Meissner
2
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(a) (b)
Figure 1.1.1: (a) Meissner effect in a superconductor : In a constant applied magnetic field, [left] The magnetic
flux lines completely penetrates into the material in the normal state (T > Tc) , [right] when cooled below
the superconducting transition temperature (T < Tc), the lines of induction B are ejected from the specimen
in a way indicating perfect diamagnetic behaviour. (b) Magnetic phase diagram of a Type-II superconductor,
Meissner state exists in the lower part of the H-T plane up to a maximum field Hc1, and for Hc1 < H < Hc2 the
specimen stays in the Abrikosov state. Above Hc2, the sample turns into a normal conducting state.
State [3, 4] as demonstrated in Figure 1.1.1(a). Thus the Meissner effect demonstrates that
for T < Tc, a bulk superconductor behaves as if B = 0 inside the specimen. If the specimen
is very thin with an easy axis parallel to the direction of applied field (Ba), the flux density
B can be expressed as,
B = Ba + µ0M = 0;
M
Ba
= − 1
µ0
(1.1)
The magnetisation curve expected from this description is plotted in Figure 1.1.2(a). If
the applied field H > Hc, the superconducting state turns into a normal state with zero
magnetisation. The types of materials exhibiting this behaviour are called as Type-I super-
conductors or soft superconductors. But there are other kinds of superconducting materials
which exhibit a magnetisation behaviour as illustrated in Figure 1.1.2(b) and they are known
as Type-II superconductors. Upto a certain value of applied magnetic field Hc1 (lower crit-
ical field), these materials show complete flux expulsion, but for Hc1 ≤ H ≤ Hc2, the flux
density B 6= 0. This is called as Mixed state (Schubinkov State) and in this region between
Hc1 and Hc2, the superconductor is threaded by flux lines. If the applied field goes beyond
Hc2, the material will turn into a normal metal. The magnetic phase diagram of a conven-
tional superconductor has been illustrated in Figure 1.1.1(b) which shows how the magnetic
state of a superconductor behaves with the change of applied magnetic field and tempera-
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(a) (b)
Figure 1.1.2: (a) For a type-I superconductor, the magnetisation shows diamagnetic response up to the critical
field Hc indicating flux expulsion, beyond which magnetisation falls like a normal conductor. (b) For a type-II
superconductor, magnetic flux starts penetrating into the sample at a field Hc1 and for Hc1 ≤ H ≤ Hc2 the
specimen stays in the mixed state. Above Hc2, specimen moves to a normal state.
tures.
1.1.1.2 Mixed State
When a superconductor is subjected to an applied field larger than the lower critical field
Hc1, magnetic flux lines start penetrating in the superconductor in the form of quantized
vortices known as flux lines. Each of the vortices contains a normal core containing a single
unit of flux quanta (Φ0 = h/2e). In the equilibrium configuration, the vortices order in a way
to minimize the free energy by forming a periodic flux lattice structure which has been first
speculated by Abrikosov [5]. In the absence of any pinning, the lattice symmetry is hexago-
nal and this has been experimentally observed directly by several experimental techniques
like Small Angle Neutron Scattering (SANS), Bitter Decoration and surface microscopy tech-
niques etc. Each flux line has a radius ∼ ξs and the magnetic field decays from the core over
a length scale ∼ λs. In the presence of an external magnetic field (B), supercurrent and flux
density will interact via Lorentz Interaction. The Lorentz force acting on a flux line ∼j×B
where j is the current density giving rise to a force transverse to the flux line axis. As a result
of this motion of the flux lines, an electric field [E ∼ (B×v), v is the velocity of the flux lines]
is induced parallel to the direction of j which generates a resistive voltage and hence dissi-
pation of power [5]. This also induces dissipation of the supercurrents unless the motion of
the flux lines are stopped in this state through some mechanism like pinning at a lattice site.
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The pinning centres1, originating from natural defects in a material pin the vortices from their
movement, preventing dissipation of the supercurrents and allow the material to stay in the
superconducting state. With an increase in the applied magnetic field above Hc1, the den-
sity of flux lines started increasing in the mixed state and for fields close to Hc2, the kinetic
energy of the system become larger than the superconducting condensation energy and the
material turns into a normal material.
1.1.2 The London Model
London brothers [6] proposed that perfect diamagnetism in the superconducting state could
be described under the assumption that the superconducting current density j is directly
proportional to vector potential A of the local magnetic flux density, where B = ∇×A, [4].
Classically the superconducting current density (j ∝ vs{drift velocity of electrons}) can be
written as,
j = − 1
µ0λ2s
A (1.2)
This is called as London equation [4]. Substituting this into Maxwell’s equation, this can be
written as,
∇2B = B
λ2s
(1.3)
where λs is the characteristic length known as London Penetration depth given by,
λs =
√
m
µ0nse2
(1.4)
ns is the superconducting electron density. A simple solution to this equation can be written
as,
B(x) = B0 e−x/λs (1.5)
where B(x) is the magnetic field penetrating in the sample at a distance x from the surface
and B0 is the field at x = 0. Thus any externally applied magnetic flux density will penetrate
from the surface of the sample with an exponential decay, over a characteristic length scale
λs. This effectively expels the magnetic flux from the bulk of sample, thus explaining the
diamagnetic behaviour.
1Artificially pinning centres can be created by heavy ion (high energetic) bombardment in a material.
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1.1.3 Ginzburg-Landau Theory
GL theory [5] was derived from the Landau’s phenomenological theory of phase transition
which considers the spatial variation of the superconducting order parameter. Landau’s
fundamental postulate states that a phase transition can be described by a transition from
an ordered to a disordered state characterised by a sharp variation of the order parameter
[7]. In the case of a superconductor, the order parameter ψ is a complex wave function de-
scribing the superconducting condensate which is directly related to the superfluid density
(ns) inside the material as [4],
ns = |ψ|2 (1.6)
The fundamental postulate of GL theory states that if ψ is small and varies slowly in space,
then the free energy density (f ) can be written as an analytic function of ψ in the form of a
power series expansion2 like [5],
f = fn0 + α|ψ|2 + β2 |ψ|
4 +
1
2m∗
∣∣∣∣( h¯i∇− e∗Ac
)
ψ
∣∣∣∣2 + h28pi (1.7)
where the coefficients α, β are functions of temperature and fn0 is the free energy density of
normal state given by,
fn0(T ) = fn0(0)− 12γT
2 (1.8)
where γ is a temperature independent coefficient expressed by γ = h¯2/4m∗. In the absence
of any field or field gradient, the last two terms in equation 1.7 will vanish and the equa-
tion 1.7 will take the form
fs − fn = α|ψ|2 + 12β|ψ|
4 (1.9)
The equilibrium phase corresponds to,
∂F
∂ψ
= 0 (1.10)
The solutions are :
|ψ| = 0, |ψ|2 = −α
β
(1.11)
For T > Tc, ψ = 0 is the only solution and for T < Tc, ψ 6= 0. This is possible if (−α/β) > 0
below Tc. β < 0 is not feasible as free energy will decrease indefinitely for larger values of
2Odd powers of |ψ| are excluded from eqn 1.7 as the free energy has to be real and symmetric as ns is a real
measurable quantity.
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(a) (b)
Figure 1.1.3: Difference of Ginzburg-Landau free energy between superconducting and normal states - (a) α > 0
corresponds to T > Tc, normal state and (b) For T < Tc(α < 0), two distinct minimas arise and the depth is
proportional to the superconducting condensation energy density (ψ has been taken to be real.)
ψ. Therefore, the simplest solution is
α(T ) = α0(t− 1); t = T/Tc, α0 > 0 (1.12)
β(T ) = β(Tc) = β (1.13)
Substituting back, we get,
|ψ|2 ∝ (1− t) (1.14)
which implies the superconducting order parameter drops continuously to zero at T = Tc
indicating a continuous phase transition.
In the presence of a magnetic field and field gradients, the 3rd term in equation 1.7 will
contribute the most which corresponds to the kinetic energy associated with the supercon-
ductor. If we write,
ψ = |ψ|eiφ (1.15)
and if the London gauge φ is constant, then equating the 3rd term in equation 1.7 to the
kinetic energy of a London superconductor, we find
λ2s =
0m
∗c2
|ψ|2e∗2 =
0m
∗c2
nse∗2
(1.16)
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The GL theory introduces another important length scale for the superconductor called as
GL coherence length [8],
ξs(T ) =
h¯
|2m2α(T )|1/2 ∼ (t− 1)
−1/2 (1.17)
which characterizes the distance over which ψ(r) can not change drastically in a spatially
varying externally applied magnetic field [4].
The GL theory characterizes superconductivity using two characteristic length scales.
The first one is the London penetration depth given by eqn 1.16 and secondly the GL coher-
ence length. The ratio of these two quantities defines the GL parameter,
κ =
λs
ξs
, (1.18)
where κ = 1/
√
2 marks the breakpoint between type-I and type-II superconductivity. For
κ < 1/
√
2, superconductivity jumps discontinuously through a first order transition across
Hc. However, for κ > 1/
√
2 magnetic flux start penetrating at Hc1 and internal flux density
increase continuously up to Hc2 indicating the presence of a mixed state. Thus supercon-
ductors can be classified broadly [4] as,
κ < 1/
√
2 : Type - I superconductor
κ > 1/
√
2 : Type - II superconductor.
1.1.4 BCS Theory of Superconductivity
The quantum theory of superconductivity was developed by Bardeen, Cooper and Schreif-
fer in 1957 [9] known as BCS theory of superconductivity. In the presence of an attractive
interaction between electrons, a ground state can be formed that is separated from the low-
est excited state by an energy gap. When an electron interacts with the lattice and deforms
it, another electron finds it energetically advantageous to interact with the deformed lattice
to reduce its energy. The phonon mediated interaction gives rise to an attractive pairing be-
tween the electrons which can be represented by a BCS wave function composed of electron
pairs k↑ and -k↓ where k represents momentum wavevector and ↑, ↓ for spin state labelling.
The BCS ground state contains an energy gap around F arising as a result of the attractive
interaction which is different from a filled Fermi sea of non-interacting electrons. In the
ground state the one particle orbitals are occupied in pairs which means if an orbital with
wavevector +k with spin ↑ is occupied, simultaneously -k with spin ↓will also be occupied.
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Simultaneously if k↑1 is empty, then -k
↓
1 will also be empty. The ground state is made up
of bosonic pairs of electrons with equal and opposite momentum and spin states, called as
Cooper pairs. The Cooper pairs are macroscopic with about 106 electrons in the volume occu-
pied and of spatial size characterised by ξs. This BCS theory can successfully predict specific
heat behaviour, Meissner state, magnetic flux quantisation etc. with the characteristic length
scales associated with the superconducting state like λs, ξs and the superconducting transi-
tion temperature can be derived in the limit UD(F ) 1 by [4],
Tc = 1.14 θ e−1/UD(F ) (1.19)
where θ is the Debye temperature, U is the strength of attractive electron-lattice interaction
and D(F ) is the electronic density of orbitals at the Fermi level.
1.2 Introduction to Magnetism
An atomic magnetic moment is the fundamental building block of any kind of magnetic
materials. For paramagnetic materials, the interactions between the magnetic moments (de-
tails discussed in Sec 1.2.1) is weak and only in the presence of an external magnetic field, the
magnetic moments start aligning themselves in the direction of the external magnetic field
giving rise to Paramagnetism. In a solid, the magnetic moments can interact with each other
in a range of ways (for details see Sec 1.2.1) and depending on the nature and strength of their
mutual interactions, in some cases magnetic moments can align spontaneously even in the
absence of an externally applied magnetic field. This new ground state often favours parallel
(Ferromagnetism) or anti-parallel alignment (Anti-ferromagnetism) of magnetic moments
and they can survive up to a certain maximum temperature, called as critical temperature
- Curie Temperature (Tc) for the ferromagnetic materials and Néel Temperature (TN ) for
Anti-feromagnetic materials. Above the critical temperature, thermal excitation (governed
by Boltzmann Statistics) takes over the magnetic interaction energy and magnetic moments
randomise in the absence of any magnetic field resulting in a zero-magnetisation state.
Classically, a magnetic moment can be described as a charged particle rotating around
an elementary closed loop giving rise to a magnetic moment (~µ) associated with an angular
momentum (L) by,
~µ =
∫
d~µ = I
∫
dS = −γL (1.20)
γ is called gyromagnetic ratio. In a quantum mechanical picture, the total angular mo-
mentum (j) of a magnetic moment is a vector sum of orbital (l) and intrinsic spin angular
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momentum (s) and the components of magnetic moments can be expressed in terms of their
respective quantum numbers (l→orbital, s→spin quantum number) as,
µl = glµB〈 l 〉 = glµB
√
l(l + 1) (1.21)
µs = gsµB〈 s 〉 = gsµB
√
s(s+ 1) (1.22)
where gs and gl are the Landé g factors corresponding to the spin and orbital components
and µB is the Bohr magneton (= eh¯/2me, me is the mass of an electron).
At the atomic level, any kind of magnetic material is a many electron system and the total
magnetisation is contributed by the individual electrons. Following Hund’s rules, the total
angular momentum J for a many electron atom can be calculated by adding the orbital L (=∑
l ) and Spin S (=
∑
s ) parts of angular momentum counterparts of individual electrons
where J = (L + S) is the total angular momentum and the net magnetic moment can be
expressed as,
|~µ| = µBgJ〈 J 〉 = µBgJ
√
j(j + 1) (1.23)
1.2.1 Magnetic Interactions
The magnetic interactions stand as the backbone of any kind of magnetic ordering in a mag-
netic material as this allows individual magnetic moments to couple with another in order
to produce a macroscopic long range magnetically ordered state.
1.2.1.1 Dipolar Interaction
The most common type of magnetic interaction that can be explained classically is mag-
netic dipolar interaction. Similar to an electrical dipolar interaction, the interaction energy
between two magnetic dipoles ~µ1 and ~µ2 separated be a distance ~r can be expressed as,
E =
µ0
4pir3
[
~µ1. ~µ2 − 3
r2
( ~µ1 .ˆr)( ~µ2 .ˆr)
]
(1.24)
However, as the interaction energy (and the potential) decays very rapidly with distance
and most of the magnetic materials orders at a higher temperature, thus dipolar interaction
cannot account for long range magnetic orderings.
10
CHAPTER I INTRODUCTION TO MAGNETISM
1.2.1.2 Exchange Interaction
Exchange interaction is a quantum mechanical effect that gives rise to most kinds of long
range magnetic orderings. Classically the interaction scenario can be described in terms of
an electrostatic Coulomb interaction between two similarly charged particles, the ground
state favours the charges to stay far apart as this reduces Coulomb repulsion and thus save
more energy. This is in order to maintain the overall anti-symmetric nature of the wave
function, while the spin component is symmetric, the spatial part has to be antisymmetric
with respect to each others. However the effects are entirely quantum mechanical. The
exchange hamiltonian between two spins S1 and S2 can be written as,
H = −JS1.S2 (1.25)
where J is a measure of the interaction strength. Exchange interactions could be of different
natures like direct exchange where electrons sitting on neighbouring atoms interact with
each others or indirect exchange interaction where two electrons interact via a non-magnetic
ion. Sometimes, the conduction electrons get coupled via a magnetic ion. The presence of
a localised magnetic moment can also spin polarise the conduction electrons and later this
polarisation can couple through another magnetic ion which effectively leads to a long range
coupling. This is known as Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [10, 11, 12] and
the exchange constant can be expressed as,
JRKKY ∝ cos(2kF r)
r3
(1.26)
where kF is the Fermi wave vector and the interaction could be ferromagnetic or antiferro-
magnetic depending on the separation r.
1.2.2 Ferromagnetism
A ferromagnet is a material which has got all the magnetic moments pointed in a single
unique direction which gives rise to a non-zero spontaneous magnetisation even in the ab-
sence of an external magnetic field. Magnetic ordering in a ferromagnet mostly arise from
two different contributions - (a) itinerant ferromagnetism due to spin ordering of free elec-
trons and (b) magnetic contributions from localised magnetic moments. The Hamiltonian
[13] in the presence of an external magnetic field B can be written as,
H = −
∑
<ij>
JijSi.Sj + gµB
∑
j
Sj.B (1.27)
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(a) (b)
Figure 1.2.1: Density of states for free electronic contributions in a metal (a) In the absence of any magnetic field,
the energy spectrum is parabolic and the electron states are filled up to a maximum of Fermi Level (EF ), (b) In
the case of a Ferromagnet, even in the absence of an externally applied magnetic field, the spin bands can split
spontaneously due to the exchange interaction and the amount of splitting is a measure of the strength of the
exchange potential.
The first term accounts for the exchange interaction between the neighbouring moments and
the second term is the Zeeman energy. As the ith spin experiences an exchange environment
contributed by all other spins present in the lattice, so the effective interaction will be identi-
cal for ith and jth spins and is independent of the location of the spin. The effective interac-
tion can be replaced by an average molecular field (Bmf ) which means that every spin will
experience an identical average field. The molecular field is thus a measure of the effective
magnetic ordering which aligns the magnetic moments at low temperature. These aligned
moments in turn produces an internal molecular field which is effectively Bmf . Thus this
is a self-sustaining magnetic order which stays in place as long as the thermal excitations
are low. Above a critical temperature (called as Curie Temperature), the system becomes
unstable against the thermal fluctuations and the magnetic ordering gets destroyed.
1.2.2.1 Itinerant/band ferromagnetism
In the case of a normal metal, at the lowest temperature all electronic states are filled up to
the Fermi energy Level in the energy band and ↑ and ↓ spin bands are symmetric contribut-
ing equal fractions in the total energy spectrum. However, in the case of a ferromagnet,
the spin bands do no longer stay symmetric in the k-space and split spontaneously in the
presence of the exchange field. Thus the spin population (numbers of electrons) in one of
the spin bands becomes larger than the other half although the total numbers of electrons
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remain the same. The energy of this new configuration can be expressed as,
↑/↓(k) = 0(k)− J
n↑/↓
n↑ + n↓
= 0(k)− 12J
{
n± g(F )δ
n↑ + n↓
}
(1.28)
where J is a measure of exchange interaction and n is the total numbers of electrons in the
material, g(F ) is the density of states at the Fermi level and δ is the change in energy. The
new state has more kinetic energy (as more electrons move to higher k states) and lower po-
tential energy (spatial overlap of electronic states reduces Coulomb repulsion energy). The
stability of the new state depends on the relative changes of two energies and this leads to
Stoner Enhancement Criterion for ferromagnets. Materials like Pd, Pt satisfy this criterion
in the presence of a large enough magnetic field when the density of states g(F ) increase
significantly, to cause spontaneous ferromagnetism.
1.3 Coexistence of Superconductivity and Magnetism at low di-
mension
1.3.1 Introduction
Superconductivity and ferromagnetism are two mutually exclusive phenomena and inter-
play between these two order parameters is a standing issue of interest in condensed matter
physics for a long period of time. Due to the antagonistic characters, singlet superconduc-
tivity (s = 0) and ferromagnetic ordering rarely coexist in bulk samples. This exchange
field in the ferromagnet tends to align the spins of the Cooper pairs (which are antiparal-
lel) in the same direction leading to a pair breaking. This is called the Paramagnetic Effect
[14, 15, 16, 17]. The coexistence of superconductivity (S) and ferromagnetism (F) can be
possible in bulk materials when the two order parameters can be coupled to form a novel
state [18], which can be manifested in some unconventional form of superconductivity such
as spin-triplet superconductivity in the heavy fermion materials UGe2 [19], URhGe [20].
The existence of a spin triplet p-wave state can also be found in Sr2RuO4 [21] which is of
enormous interest because of its exotic superconducting properties.
However coexistence of these two order parameters may be easily achieved in artificially
fabricated layered ferromagnetic/superconductor (F/S) systems. Due to the proximity ef-
fect, the Cooper pairs can penetrate into the F layer and induce superconductivity in that
region [16]. Although the strong exchange field (h) in the ferromagnet leads to a strong pair
breaking effect [15] on the incoming Cooper pairs which forces the superconducting pair
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wave function to decay over a length scale ξF in the F side, a modified correlation length ∼
(1-10Å) ξS . The exchange field also modifies the behaviour of Cooper pairs as they gain a
finite non-zero centre of mass momentum ∆k which in consequence shows damped oscilla-
tory behaviour of the pair wave function in the F region (Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state, see Sec 1.3.2 for details)[15, 16]. This in turn leads to the oscillation of transition
temperature Tc as a function of the F layer thickness.
The Josephson effect can also be realised in case of a S/F/S multilayer where the insulat-
ing layer is replaced by a ferromagnet. The condensate wave function gains an additional
phase component while crossing the F−layer, which leads to "0/pi" types of couplings be-
tween the two S layers [14] (see Sec 1.3.3 for details). A similar structure can be used to
demonstrate the so-called "Superconducting Spin Valve Effect" [22, 23] where Tc depends
on the mutual magnetic orientation of the two neighbouring F layers. Thus controlling the
mutual spin alignments of the ‘F’ layers, it is possible to switch the resistivity of the whole
structure between zero and finite values [24].
Moreover, another exotic phenomena can occur when the ferromagnetic state of the F
layer can in turn be strongly modified by the presence of a superconductor, called as Crypto-
ferromagnetism [15] (see Sec 1.3.5.1 for details). Surprisingly not only superconducting con-
densate can penetrate the F layer, on the contrary a magnetic moment can be induced in a
superconductor that is in contact with a F layer. This is known as the Inverse Proximity
Effect [14] (see Sec 1.3.5.2 for details).
Thus when a S is brought into contact with an F layer, coupling between the two or-
der parameters lead to various effects and some of them are really exotic and can only be
realized in such kinds of systems (ex: novel spin triplet pairing [25, 26, 27, 28, 29, 30], long
range proximity effect [31, 32] etc.) that are of huge theoretical interests [33, 34, 35]. From an
experimental point of view, most of these interesting effects in the hybrid F/S systems are
very subtle and occur in the nano-scopic range of layer thickness and careful observations of
these are possible due to the great progress of the high quality of sample growth and huge
advancement in the microscopic magnetic and structural probing techniques (ex: Low En-
ergy Muon Spin Rotation Technique (LE-µSR), Polarised Neutron Reflectivity (PNR), X-Ray
Magnetic Circular dichroism (XMCD) etc.).
1.3.2 FFLO State
The appearance of the the Fulde−Ferrel−Larkin−Ovchinnikov state (FFLO state) [36, 37,
14] is related to the Zeeman’s splitting of the electron’s energy level under the applica-
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tion of a magnetic field. In a simplified picture, this can be explained for the case of a
1D superconductor. In the absence of any field, the Copper pair electrons have equal mo-
menta with opposite signs +kF and -kF for ↑ & ↓ spins respectively with a net momentum =
kF +(−kF ) = 0. Under the application of a magnetic field, the Zeeman splitting modifies the
momentum of each spins, for ↑ spin it becomes k↑ = (kF +δkF /2) while for ↓ spin it changes
to k↓ = (kF − δkF /2). Thus the Cooper pair effectively gains a net non-zero momentum =
|k↑|+ |k↓| = δkF 6= 0 implying a spacial modulation of the superconducting order param-
eter space with a resulting wave vector δkF . This leads to the formation of a non−uniform
superconducting state in the presence of an exchange field acting on the electron spins.
1.3.3 Zero and pi phases
When two superconductors are separated by a spacer layer, it forms a Josephson Junction
through which supercurrent can flow. If the spacer layer becomes magnetic, then the super-
conducting state does not remain the same on both sides of the spacer layer. If the spacer
layer is a normal metal, then in the ground state, the superconducting condensate will re-
main at the same phase on crossing the barrier. However, on replacing the normal metal
by a weakly spin polarized ferromagnet, the pair wave function will undergo an amplitude
and phase modulation on crossing the magnetic barrier. Depending on the length of the
junction, the Cooper pair wave function will gain a phase on crossing the barrier. However,
it is possible to engineer the size of the junction and the phase difference could be varied be-
tween ’0’ and ’pi’. This is only true if the superconductors on both sides of the junctions are
identical and the Cooper pairs are paired in a spin-singlet state (s-wave pairing). This has
been demonstrated in Fig 1.3.1, where the pair amplitude switches its state for a pi-junction.
Experimentally this was first demonstrated by V. V. Ryazanov et al. [38] for the case of CuNi
spacer sandwiched between two superconducting Nb layers that the ground state can be
switched between ’0’ and ’pi’ state, by tuning the thickness of the F layer where the critical
current undergoes a minimum while crossing the boundary between the two phases. It is
also possible to switch between the two phase by changing the temperature T of the system
for a specific thickness of the F layer [39, 24].
1.3.4 Proximity Effect
When a superconductor is brought in contact with a non−superconducting material, the
physical properties of both materials change near the interface. At the S/N interface, Cooper
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Figure 1.3.1: The existence of Zero and Pi junctions for a S/F/S heterostructure[17]). The blue region is the
F layer sandwiched between two S layers. Red and Green lines represent the behaviour of the singlet and
triplet components of the superconducting pair wave function. The phase change of the wave function could be
controlled by the magnetisation of the ferromagnet.
pairs penetrate into the normal metal over a distance ∼ LT 3, thermal diffusion length, if
the electron motion is diffusive [14, 40]. This has been experimentally manifested in the
case of a S/N bilayer, where Tc decreases monotonically with an increase in the normal
layer thickness (dN ) due to enhanced pair breaking. The spatial correlation of the electrons
constituting the Cooper pairs will be lost when one electron of the Cooper pair penetrates
deep inside the N layer while the other will stay within the S layer. In the case of a S/F
heterostructure, the Cooper pair wave function oscillates in the F region by forming a FFLO
state. As explained in the Section 1.3.2, the Cooper pair acquires a centre of mass momentum
∆k = 2δkF = 2h/vF leading to the modulation of the order parameter with a period ∼
pivF /h that scales with the strength of the exchange potential leading to a faster decay for
a strong 3d ferromagnet (Co, Ni), while a long range oscillation can survive for a weaker
h (CuNi). This also induces an oscillatory behaviour of the density of states (DOS) in the S
side [14].
A qualitative description of the proximity effect can be made by using the phenomeno-
logical generalized Ginzburg-Landau theory4. The GL functional for this case can be written
as [40],
FG = a(H,T )|ψ|2 + γ(H,T )|∇ψ|2 + η(H,T )2 |∇
2ψ|2 + b(H,T )
2
|ψ|4 (1.29)
Now in the case of a S/F/S heterostructure (two S layers with two different Tc), if the x-axis
is chosen to be perpendicular to the interface, then the order parameter can be written in the
3LT =
p
D/T where D is diffusion constant.
4This approach best describes the case of a S layer in contact with a weak ferromagnet with exchange field.
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(a) (b)
Figure 1.3.2: Schematic behaviour of the superconducting pair wave function in the case of (a) S/N interface,
the singlet component decays rapidly as it moves away from the interface (b) The same for for a S/F interface -
the decaying pair wave function is modulated under the influence of the exchange field of ferromagnet. The red
line stands for singlet component and green for triplet state. For strong ferromagnet, the wave function falls off
rapidly near the interface.
form of a linear differential equation [14],
aψ − γ ∂
2ψ
∂x2
+
η
2
∂4ψ
∂x4
= 0 (1.30)
The solution can be written in the form,
ψ = ψ0 exp(kx) (1.31)
where k is a complex wave vector, k = k1 + ik2 and
k21 =
|γ|
2η
(√
1 +
T − Tci
Tci − Tcu − 1
)
(1.32)
k22 =
|γ|
2η
(
1 +
√
1 +
T − Tci
Tci − Tcu
)
(1.33)
Where Tcu is the critical temperature of the transition into the uniform superconducting state
and Tci is the transition temperature into a non-uniform state5. If the gauge is chosen in such
5In case of a spatially varying wave function, 3rd term in eqn 1.29 is crucial. If γ > 0 minimum of functional
corresponds to an uniform state and the corresponding critical temperature is Tcu(H) while negative sign of γ
means transition into a non-uniform FFLO state with a transition temperature Tci.
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a way, that ψ is real in the S layer, then the solution 1.31 can be written as,
ψ(x) = ψ0 exp(−k1x) cos(k2x) (1.34)
This means that the superconducting wave function is decaying in the F layer, accompanied
by a oscillating term which is the characteristics of a proximity effect (Figure 1.3.2(b)) in case
of a S/F structure. As one approaches the critical temperature Tci, k1 → 0 and the oscillating
wave vector6 k2 →
√
|γ|
η implying the emergence of the FFLO phase.
However, in case of conventional proximity effect [41] for a S/N interface, the GL equa-
tion takes the form,
aψ − γ ∂
2ψ
∂x2
= 0 (1.35)
where a = α(T − Tcu(H)), γ > 0 and Tc = Tcu and the solution comes in the form,
ψ = ψ0 exp (−x/ξ(T )) (1.36)
as evident from Figure 1.3.2(a) where ξ(T ) =
√
γ/a is the is the superconducting coherence
length. Thus the exchange field of the ferromagnet brings into picture the oscillations of
the superconducting order parameter and this is the fundamental difference between the
proximity effect in case of S/N structure (Figure 1.3.2(a)) and S/F structure (Figure 1.3.2(b)).
This above picture is valid only for the case of a ferromagnet with low exchange field (h).
However, in case of strong ferromagnets exchange field will be very large and the supercon-
ducting order parameter no longer remain uniform as the gradient terms will come into the
picture. In that case, this can no longer be treated in the framework of the GL approach
and needs to be described using a microscopic approach in the framework of quasi-classical
Green’s functional approach [42, 43, 14, 16].
1.3.5 Reduction of magnetisation at T<Tc
Although Ferromagnetism is a stronger phenomenon than the superconductivity, however
in certain cases superconductivity can also modify ferromagnetism. Experimentally it has
been demonstrated by Müghe et al. [44, 45] that the total magnetisation of a F/S structure
can decrease when cooled below Tc. It has been suggested that due to the proximity effect,
the magnetic domains in the ferromagnet randomize in different direction which reduces
the net magnetisation effectively. This problem will be addressed in the following Section
assuming that in the absence of the FM, the S layer posses only conventional s-wave pair-
6FFLO wave vector.
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ing. However, two different types of mechanisms can be responsible for the reduction of
magnetism below Tc - if the exchange interaction strength is not too strong, then an inhomo-
geneous magnetic state could arise due to the influence of the proximity effect. However,
spin screening due to the free electrons can also contribute towards the reduction of the total
magnetisation.
1.3.5.1 Cryptoferromagnetism
In the crypto-ferromagnetic state superconductivity can coexist with a magnetic material
due to the inhomogeneous nature of the magnetic ordering. The existence of such a state
was first proposed by Anderson and Suhl [46]. The coexistence occurs because of the fact
that the superconductivity is sensitive to the ferromagnetic moment averaged over a length
scale ∼ ξs and not to the local magnetic order. For any kind of magnetic inhomogene-
ity which occurs at a reduced length scale, superconductivity will survive [16]. The one
possibility of keeping the superconductivity alive is through the formation of smaller sized
magnetic domains. From a magnetic point of view this is favourable as the cost of energy for
the formation of domains will be compensated by the superconductor to keep the magnetic
ordering alive. However, the coexistence is impossible for the case of a strong ferromag-
net like Co, Ni (large J ) in contact with a superconductor as the Curie temperature of the
ferromagnet is much higher than the superconducting transition temperature.
The decrease in magnetisation could also occur because of the interfacial roughness at
the F/S interface. At the interface, the magnetic layers can form islands of smaller values of
J and h and the formation of dead magnetic layers might affect in the reduction of magneti-
sation. The exchange interaction between the two order parameters attempting to reduce
the energy of the system when the direction of magnetisation in the ferromagnet is not fixed
in space, rather varies in different directions. If the anisotropy is small, this will favour the
formation of a spiral magnetic structure in the F side.
1.3.5.2 Inverse Proximity Effect
Another mechanism through which Superconductivity can modify properties of a neigh-
bouring F layer is called Inverse Proximity Effect which arises due to a combined contri-
bution of free electrons both in the F and in the S layers to the total magnetisation. In case
of a S/F system, the orientation of magnetic moments do not change in the F layer, but the
net magnetisation of individual layers gets affected by these interactions. These changes are
related to the free electronic contribution in the F layer (δMF) and in the case of a supercon-
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(a) (b)
Figure 1.3.3: Schematic representation of the Inverse Proximity Effect for a S/F structure (a) A cartoon describing
the most simplified picture of Inverse Proximity Effect assuming s-wave nature of Cooper pairs. The ‘blue’ and
‘green’ arrows indicate the direction of local magnetisations in the two different layers and the dotted regions
provide an idea of the spatial extent of the effect. (b) Spatial dependence of the magnetisations in different layers
assuming a coupling scenario as illustrated left. The effect is expected to have stronger significance in the areas
near the F/S interface.
ductor to the total magnetisation (MS). However, due to the proximity effect, the density
of states (DOS) in the F side decreases, therefore δMF is reduced while the polarisation of
the Cooper pairs in the S layer provides a net magnetic contribution (MS) in a direction op-
posite to MF, where MF is the free electronic contribution to magnetisation in the F layer.
So the S region becomes ferromagnetic and this is the reason this effect is called the Inverse
Proximity Effect [15].
Qualitatively this phenomenon can be explained from Figure 1.3.3 in a simple way. For
T > Tc, the total magnetisation of the system Mtot = MF0dF , where MF0 is the magnetic
moment per unit area, dF is the thickness of F layer. When cooled below Tc, the S layer will
be superconducting with a pair correlation length ξS ∼=
√
Ds/2piTc. If the exchange field is
not too strong, then due to the proximity effect the Cooper pairs will penetrate into the F
layer [15]. However, the pairs distribute themselves in a very complicated manner. If we
consider the simple picture of pair distribution as illustrated in Figure 1.3.3, then it can be
seen that the pairs located deep within the S layer won’t contribute anything to the total
magnetisation7 while for those pairs located close to the interface, one electron stays in the
S layer and the other moves to F side. Energetically it is favourable for the electron of the
Cooper pair with the spin parallel to the magnetisation of the ferromagnet to have a higher
probability density in F. This means that the electron with the opposite spin will prefer to
stay in the S side [47, 16]. This is the reason why these pairs contribute a magnetic moment in
the S-layer. As a result, a local ferromagnetic order is created in the S-layer near the interface
in a direction opposite to the direction of spin alignment in F-layer [35, 33]. This induced
moment penetrates into S side over a distance ξS >> dF . Detailed quantitative analysis
7Zero external field.
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Figure 1.3.4: Different ways to create and mix ‘singlet’ and ‘triplet’ components for a S/F/S junction - (a) For
weakly spin-polarized ferromagnets, using Bloch type of domain wall at the F/S interface, triplet components
can be created. (b) In the case of a stronger spin polarisation, magnetic inhomogeneity at the interface can
generate triplet states which can survive over a longer distance. This structure could also be engineered to act
as a ‘0’ or ‘pi’ junction by controlling the relative magnetic orientations of the two interfaces [17].
also supports this qualitative picture and the calculations show that at low temperature
(T < Tc), the ferromagnetic contribution(MF ) is completely screened by the spin polarized
Cooper pairs in S i.e MS = −MF if MF is the free electronic contribution [15]. However, this
conclusions is valid in the limit h < DF/d2F. Experimentally this effect has been realized for
a S/F bilayered structure [26, 48, 49] in several cases.
1.3.6 Spin Triplet superconductivity
Under the influence of an inhomogenous exchange field, Cooper pairs gain a non-zero cen-
tre of mass momentum (FFLO state [36, 37]) and the total spin of the Cooper pair does
not remain zero and changes to unity with projections on the directions of the exchange
field. As described in Section 1.3.2, the exchange splitting of the superconductor modifies
the momentum of spin pairs at the Fermi surface, k↑ = (kF + δkF /2), k↓ = (kF − δkF /2),
with a centre of mass momentum ±δkF . In the absence of an exchange field, the Cooper
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Pairs prefer to stay in the singlet state in most of the cases. However, in the presence of
an exchange splitting the the pair wavefunction gains a phase component proportional to
exp[±i(k↑ − k↓).R] = exp[i(δkF .R)]. The final state thus turns to be mixture of singlet and
triplet states which can be written as,
(↑↓ − ↓↑)→ (↑↓ eiδkF .R− ↓↑ e−iδkF .R) = (↑↓ − ↓↑)︸ ︷︷ ︸
Singlet
cos(δkF .R) + i (↑↓ + ↓↑)︸ ︷︷ ︸
Triplet
sin(δkF .R)
(1.37)
where δkF is perpendicular to the S/F interface. The situation has been explained in Fig-
ure 1.3.2(b).
As the exchange field of the ferromagnet is responsible for the generation of the triplet
component, thus in the absence of an exchange field, only spin singlet component exists as
illustrated in Figure 1.3.2(a). The two different states of pair wave function are different in
nature - the singlet states are mostly short ranged (in the strong ferromagnetic limit) and can
be observed in most of cases while the Spin triplet state can only be created in the presence
of an appropriate quantisation axis (i.e the interface needs to have magnetic moments at
an angle to the F layer) and experimentally the presence of triplet components over a long
range has been realised in several cases [25, 28, 29]. The singlet states are rotationally invari-
ant and symmetric in the Fermi surface. However, the triplet states carries a zero angular
momentum with even spin counterpart with respect to the interchange of electron spin orien-
tations as the total wavefunction needs to be antisymmetric. This odd frequency spin triplet
state is novel and the existence of such state has not been realised in any materials so far.
The existence of the Spin-triplet component was experimentally demonstrated by several
groups [25, 26, 27, 28, 31, 29, 30]. A long range (∼ 1µm) spin triplet component has been
observed in a Josephson junction containing half metallic ferromagnet CrO2 [25]. Trupti
Khaire et al. [27] measured a strong supercurrent in an S/F/S structure by introducing a
misaligned ferromagnetic layer at the S/F interface. In a recent work, Jason Robinson et al.
[28] has used conical ferromagnet Holmium to create intrinsic magnetic inhomogeneity in
a Josephson Junction and in this structure the Holmium layer manages to filter out the spin
triplet component from the singlet+triplet mixture which survives over a longer range. The
group of H. Zabel has also reported existence of a spin-triplet component in hetero-structure
containing Heusler Alloy [29].
A lot of theoretical work and experimental investigations are going on in this area in
order to understand the nature of the triplet component. The odd frequency order param-
eter is unique and can only be realized in an S/F/S junction (unlike known systems where
triplet order parameters known to exist like superfluid He3, stronsium ruthanate [21], Ura-
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nium platium [20], some heavy fermion compounds - all with a pair function which is spa-
tially antisymmetric, symmetric in time). The odd triplet component differs from the known
types of superconductivity - (a) singlet superconductivity (conventional low Tc materials),
(b) d-wave pairing in high Tc superconductors, (c) p-wave superconductivity (odd in mo-
mentum p, even in frequency ω) like Sr2RuO4. The triplet pairing in the case of a S/F/S
structure has a pair wave function that is an odd function of the Matsubara frequency(ω)
and even in momentum p in the diffusive limit. This component is completely insensitive to
the scattering due to the non-magnetic impurities. This component (Sz = ±1) can penetrate
into the F side over a long range (ξSz=±1 ∼
√
h¯DF /T )8, indicating that the component is
affected very little due to the exchange field of ferromagnet. The necessary condition for the
creation of the triplet component is the existence of a quantisation axis at the interface. For
the case of homogenous magnetisation, triplet component corresponding to Sz = 0 can exist,
however the penetration in the S side will be very small (ξSz=0 ∼
√
h¯DF /h  ξSz=±1), h is
the exchange field of ferromagnet.
8T, h in the denominator are in the units of energy.
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CHAPTER II MUON SPIN ROTATION (µSR) TECHNIQUE
Several microscopic and macroscopic characterisation techniques have been used for the
detailed investigation of the materials studied in this present work. Neutrons and Muons
have been extensively used at large scale advanced central facilities across Europe. Most of
the bulk characterisation have been performed using the in-house facilities at The Univer-
sity of St. Andrews, UK while the rest of them have been undertaken at the University of
Manchester, the University of Edinburgh and the University of Leeds, UK.
2.1 Muon Spin Rotation (µSR) Technique
Depending on the nature of the application, µSR could be the acronym for different ex-
perimental techniques involving muons, namely muon spin rotation; muon spin relaxation
or muon spin resonance technique. The common nature of all these methods is to probe
the local magnetic field distribution inside a material through the electronic and nuclear
interactions. Compared to other common magnetic resonance techniques like NMR (Nu-
clear Magnetic Resonance) and Mössbauer Spectroscopy, the key advantage of µSR is in its
ability to detect small magnetic moments ∼ 10−3µB - 10−4µB with high sensitivity over a
relatively broader time window∼ 10−5µs - 100µs [50]. This has made µSR a highly useful lo-
cal magnetic probe which in complement with neutron scattering techniques is widely used
for investigating the mesoscopic and nanoscale magnetic behaviour in solid state materials
physics.
2.1.1 Production, Properties and Decay
As a result of the high energy collisions between cosmic rays and particles, muons are pro-
duced in the upper part of the atmosphere [51]. However, because of the low flux density
on the earth’s surface, they cannot be used for experimental purposes in condensed matter
physics. Therefore, in a laboratory environment, muons are artificially produced by collid-
ing a sufficiently energetic (≥ 500MeV) proton beam on a carbon or beryllium target. The
series of nuclear reactions taking place through this interactions are:
p+ p = p+ n+ pi+
p+ n = n+ n+ pi+
p+ n = p+ p+ pi−
(2.1)
25
CHAPTER II MUON SPIN ROTATION (µSR) TECHNIQUE
where n, p and pi stands for neutron, proton and pion respectively.
Muons are produced as result of the pion decay (lifetime ∼ 26ns) through these processes :
pi+ → µ+ + νµ
pi− → µ− + ν¯µ
(2.2)
where ν, p and pi stands for neutrino, proton and pion respectively [52]. When low en-
ergy pions decay at or near the target surface, the resulting muons become completely spin
polarised with very low energies. These are called surface muons and they are of special
importance for the µSR technique.
Muons are subatomic spin±12 particles with an average lifetime (τµ) of the order of 2.2µs.
Fundamental properties of a positive muons have been listed in Table 2.1
Table 2.1: Muon Properties
Mass (mµ) Charge Spin Gyromagnetic Ratio Magnetic Moment
105.66MeV/c2 +e h¯/2 2pi× 135.55MHz/T 4.84 × 10−3µB
On arriving at the sample, muons go through a series of thermalisation processes through
which they loose energy and stabilise. Firstly, the energy loss occurs via ionisation of atoms
and scattering of electrons over a time scale ∼ 1-10ns until the muons reach a kinetic energy
∼ 35keV [51]. After this, the energy loss process continues further (∼ 100eV) through the
formation of a bound state called as muonium consisting of a muon and an electron and this
state stabilises by way of colliding with host atoms and phonons, when the muon energy
reaches about ∼ 15eV [51]. Finally, the muons decay through a 3-body process described by,
µ+ → e+ + νe + ν¯µ (2.3)
The emission probability of positrons within the energy range ε→ (ε+ dε) within the angle
θ → (θ + dθ) could be expressed by,
dW±(ε, θ) =
et/τµ
τµ
[
1∓ p(ε) cos(θ)
]
n(ε)dε d(cos θ)dt (2.4)
where p(ε) = (2ε− 1)/(3− 2ε) and n(ε) = 2ε2/(3− 2ε) and ε = E/Emax is a relative measure
of muon energy.
The probability distribution of the emission is illustrated in Figure 2.1.1(a). The proba-
bility distribution is in the form of (1 +a× cos θ), where a is a combined contribution of n(ε)
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(a) (b)
Figure 2.1.1: Polar Plot of Positron emission probability from positively charged muon decay for different muon
energies. The arrow in the 3rd and 1st quadrants displays the direction of energy increment and direction of
positron emission respectively, (b) Experimental geometry for a TF-µSR experiment. pµ is the momentum, σµ
is the spin, Happ is the applied field. The four detectors (Top, Bottom, Forward, Backward) have been placed
surrounding the sample area for detection of positrons.
and p(ε), effectively a function of the muon energies. This implies that the positrons emitted
will be preferentially directed towards the direction of muon spins and for maximum muon
energy, emitted positrons will stay along exactly in the direction of muon spins as illustrated
in Figure 2.1.1(a).
2.1.2 Time Differential µSR Technique
In the case of a Time differential µSR technique, a beam of spin polarized muons are im-
planted into the sample under investigation and the time evolution of the beam is measured
over a time scale of 10-20µs. When a muon arrives at the sample, it passes through an
electronic scintillator and an electronic clock starts until a positron is detected thorough the
process of muon decay. In general, the typical time window of experimental observation
for a continuous muon source is ∼10µs and more than 1 million (106 events) positrons are
counted for a typical experimental histogram. A histogram reflects the probability of muon
decay along a preferential direction which is the numbers of positrons detected along a given
direction as a function of time. For ith histogram, the number of counts can be expressed by,
N i(t) = N i0 e
−t/τµ{1 + A0G(t)}+N ibackground (2.5)
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(a) (b)
Figure 2.1.2: Sample plot of (a) a typical Positron histogram for the case of a TF muon experiment (red curve),
The green line indicates the associated radioactive decay pattern arising from the finite lifetime of muons. (b)
Spin Asymmetry behaviour measured from two histograms (Figure 2.1.2a) recorded by two orthogonally placed
positron detectors, considering a Gaussian type of relaxation present in the sample under investigation after
background and muon lifetime corrections, the green envelope manifests the intrinsic damping contribution
towards the spin asymmetry arising from the range of field distribution present in the material.
where A0 is the initial detector asymmetry and ≈ 0.27[50], Ni0 is the positron count at t=0,
Nibackground is the background count and G(t) is the envelope function. The asymmetry func-
tion can be derived by subtracting respective histograms,
Aµ(t) =
(NF (t)−NFbackground)− (NB(t)−NBbackground)
(NF (t)−NFbackground) + (NB(t)−NBbackground)
(2.6)
where superscript F and B represent forward and backward histograms and respectively
and superscript background for the background contribution.
2.1.2.1 Transverse Field (TF)-µSR Technique
This is the most commonly used µSR technique for the investigation of condensed matter
physics. In this technique, an external magnetic field (Be) is applied perpendicular/transverse
to the direction of the muon spin polarisation and the time evolution of the muon spin po-
larisation is observed in the sample under investigation. Using Bloch’s equation, the torque
(Γ) acting on muon spins can be expressed in terms of the time variation of muon spin
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polarisation by,
Γ =
dS(t)
dt
= γµS(t)× (Be + Bi) (2.7)
where Bi is the internal magnetic field and γµ is the gyromagnetic ratio of muon. In the
simplest case, when Be Bi, the asymmetry will oscillate around a central field(≈ Be) with
a precession frequency (ω = γµB) as illustrated in Figure 2.1.2(b) which can be written as,
Aµ(t) = A0 cos(γµBt + φ) (2.8)
φ is the phase which is the angle between the direction of initial spin polarisation (at t=0)
and the direction of positron emission. However, any typical sample under investigation
contains a ranges of magnetic fields at different sites which can be expressed by a field
distribution function p(B). The eqn 2.8 can be modified for such a case by,
Aµ(t) = A0
∫ ∞
0
p(B) cos(γµBt+ φ)dB (2.9)
If the field distribution contains few discrete fields, then the asymmetry profile illustrated
in Figure 2.1.2(b) will show a beating patten corresponding to those field values. In the case
of a continuous field distribution (e.g. the vortex lattice in a superconductor), the situation
is different as the muon spins will undergo precessions with different frequencies and the
time correlations will be lost eventually which in effect gives rise in damping of the muon
signal. The field distribution p(B) in such cases can be obtained by taking the Fourier Trans-
formation of eqn 2.9 as illustrated in Figure 2.1.4(a).
2.1.3 Bulk µSR Experiments
The bulk µSR experimental data recorded in this thesis have been performed using two gen-
eral purpose spectrometers devoted for the investigations of bulk magnetic samples which
are located at the piM3 beamline at the Paul Scherrer Institute, Villigen, Switzerland. The
typical muon spin polarisation in this beam line is ≥ 95%[53].
2.1.3.1 GPS Spectrometer
The General Purpose Spectrometer (GPS) is fitted with a "Quantum Technology Corp" top
loading [53] continuous flow He4 cryostat which can operate within a temperature range
of 2K-300K. A pair of Helmholtz coils (WED) are installed to provide a maximum field of
6400G parallel to the muon beam direction in addition to the WEDL facility for longitudinal
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measurements. An auxiliary field facility WEP (0-100G) is also available for calibration pur-
poses which can also be applied perpendicular to the muon beam direction. A set of total
five scintillation detectors (Forward, Backward, Up, Down and Right) fitted with photo-
multiplier tubes are used for detecting positrons. Two veto detecors are also simultaneously
used to correct for double counting and spurious events.
2.1.3.2 LTF Spectrometer
The LTF or Low Temperature Facility Spectrometer [54] can operate at a much lower temper-
ature (∼mK). The ultra low temperature facility is provided through an Oxford Instrument
He3 dilution refrigerator operated at a base temperature of 20mK. The temperature range of
operation is 20mK - 10K. The cryostat also contains a 3 Tesla superconducting magnet for
applying external field parallel to the muon momentum. Similar to GPS spectrometer, LTF
also allows the option of using an auxiliary field (≤ 100G) perpendicular to the muon beam
direction.
2.1.4 Low Energy µSR Technique (LE-µSR)
2.1.4.1 Technique
Conventional µSR techniques use muons with a broad range of energy distribution which
stop over a distance ∼ 100’s µm inside the sample. This is useful for studying bulk samples.
However, over the recent years, interest has grown in the areas of low dimensional systems
like thin films, multilayers and heterostructures. In order to fully understand the magnetic
structure of the samples, the novel technique of Low energy muon spin rotation has been
developed at Paul Scherrer Institute, Villigen, Switzerland. In this technique muon energy
is finely tuned in order to achieve the desired implantation of muons at appropriate depths.
The experimental facility is located at the piE4 beamline at PSI. In this process, the muon
energy is controlled while simultaneously ensuring that the muons remains nearly 100%
polarised. In order to reduce muon energy, the conventional surface muons (E ≈ 4MeV) are
allowed to pass through a moderator placed in an UHV environment (∼ 10−7mbar) which
reduces the energy of the muons by factor of 10−3 - 10−4. The moderator is made of a solid
Argon layer (∼200nm) and an insulating layer of Nitrogen (∼20nm) deposited on the back
of a 125µm thick silver foil. The energy loss occurs through the process of ionisation where
the wide band gap insulating layers get ionised in collision with the high energy muons. A
small fraction of the very low energy muons (∼15-30eV) might leave the moderator target
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while the rest of the muons are epithermal and stay at the moderator surface which may be
extracted by applying a positive voltage at the silver foil. As this moderation process takes
place very rapidly, the muons can retain their state of spin polarisation. Thus it is possible to
obtain a nearly 100% spin polarized epithermal muon beam. The final energy of the muons
can be tuned finely within the range (0 -30)±0.5 keV by varying the voltage between the
silver surface and the sample.
2.1.4.2 Experimental Set Up
The experimental set up consists of a sample chamber maintained at base pressure of ≈
10−7mbar, a Helmholtz pair magnet and a cold finger cryostat [55] with a base temperature
of 4K and detectors. The sample is normally mounted on a silver coated aluminum plate and
silver paste is used to maintain good thermal connection between the two. The temperature
could be varied within the range 4K up to a maximum of 700K. The magnetic field could
be applied both perpendicular and parallel to the muon spin polarisation. Maximum field
for perpendicular configuration is 3kG and 450G for the parallel configuration. In order to
avoid any kind of unwanted misalignment of the muon beam in the direction of the applied
field, an external electric field is applied using ring anodes to compensate magnetic forces on
the muons. For the parallel field geometry (used for all experiments recorded in this thesis),
the decay positrons are detected using two scintillator detectors (’Left’ and ’Right’) which
are placed 180o opposite to each other on each side of the sample chamber and connected to
photomultiplier tubes through waveguides.
2.1.5 Data Analysis
The data analysis has been performed both in the time and in the frequency domain. In the
time domain the data has been analyzed using the MUSRFIT package [56, 57] developed
at the PSI in collaboration with CERN at Switzerland and WIMDA [58] developed at ISIS,
Rutherford Appleton Laboratory, UK. The analysis in the frequency domain was carried out
using both a maximum entropy technique (Maxent) [59] and conventional high resolution
Fourier Transformation.
2.1.5.1 Maximum Entropy Technique
In Statistical Mechanics, entropy is used as a measure of overall randomness of the system.
For a given probability distribution, the entropy can be measured mathematically by using
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the famous Boltzmann expression,
S = −k
N∑
i=1
Pi lnPi (2.10)
where Pi denotes the probability of the ith event of being true and k is a scaling parameter
which can be suitably adjusted.
In the continuum limit, Eqn 2.10 can be rewritten as [7],
S = −k
∫
P (x) ln
P (x)
m(x)
dx (2.11)
where the scaling function m(x) is specified by the nature of the problem. For analyzing
µSR data, a trial probability distribution is assumed (completely unrelated to any fitting
function or theoretical model) and each term is allowed to add oscillatory components to the
time domain signal. Unless constrained, the trial distribution contains contributions from
all possible field values over an infinite range which will lead to an optimization process
running indefinitely. For this reason, forM×N sized histogram sets, the algorithm is forced
to follow the constraint χ2 = MN to get a value closer to unity. Maxent constructs a fit model
by taking the inverse Fourier transform of trial probability distribution and the resulting χ2
could be written as [7],
χ2 =
M∑
m=1
t2/∆t∑
j=t1/∆t
[Dm(tj)− dm(tj)]2
σ2m(tj)
(2.12)
where Dm(tj) is the fitted value against experimental data dm(tj) at time tj . The entropy
associated with eqn 2.12 could be calculated from eqn 2.11 as,
S = −
∑
i
P (Bi)
ePd
ln
P (Bi)
ePd
(2.13)
where Pd is a measure of the noise level in p(B). Using a Lagrange multiplier λ, the con-
strained entropy (Sc) may be written as,
Sc = λS − χ
2
2l2
(2.14)
which is optimized later for getting the desired fit. l in eqn 2.14 is the looseness factor. This is
suitable adjusted (typically l ≈ 1.02 − 1.04) to change the dependence between χ2 and S in
order to account for other possible sources of errors.
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(a) (b)
Figure 2.1.3: Determination of T0, T1, T2 from a typical positron histogram. In a positron histogram, T0 is the
position of positron peak, T1 is recognised as the first good bin above which data can be considered to be carrying
information about the sample and T2 is the maximum bin up to which data can be analysed. (a) T0 and T1
are determined from the points indicated by the blue arrows. T1 is typically 5-10 bins above T0, (b) T2 can be
estimated form the point marked by the blue arrow.
2.1.5.2 Time domain Analysis
The analysis in time domain has been performed using the C++ based MUSRFIT package
developed by Andreas Suter et al. at PSI and WIMDA developed by Francis Pratt at ISIS
[58]. MUSRFIT is uses ROOT and MINUIT2 libraries [57, 56] developed by CERN. Typically
a TF signal in the time domain is fitted with multiple Gaussians or Lorentzians. The fitting
program can also be used for fitting individual histograms simultaneously. The values of T0,
T1 and T2 (see Figure 2.1.3 for details) need to be fed into the program with an approximate
value of mean field and spin asymmetry. The package can be used for fitting individual or
multiple runs depending on the nature of experimental analysis. Details of data fitting and
functional behaviours are described at later stages of this thesis in respective sections.
2.1.6 µSR for a Superconducting Vortex Lattice
Above a certain critical field, magnetic flux lines start penetrating inside a superconductor
in the form of vortices or flux lines, each of which constitutes of a normal core containing a
single unit of flux quanta (Φ0 = h/2e). In a vortex lattice (also called as Flux line lattice/FLL),
the flux lines arrange themselves periodically and the probability density p(B) could be
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(i) (ii)
Figure 2.1.4: (i) Distribution of the internal flux density in the mixed state of a 3D vortex lattice. Regions
marked by ‘a’, ‘b’ and ‘c’ corresponds to specific points of field probability distribution as demonstrated in Fig-
ure 2.1.4(ii). The microscopic details of the flux structure might change for different lattice periodicity, however
the overall distribution will remain broadly similar. (ii) Field probability distribution p(B) of a FLL correspond-
ing to Figure 2.1.4(i), Point (a) corresponds to the areas in real space associated with the minimum field value as
marked in part (i), the core of the flux lines determines to the maximum cut-off value of the field arising from
regions like (b), maximum probability arises from saddle points like (c) which stay on the minimum on a line
connecting two vortex cores.
obtained from a µSR spectra of the sample. The flux density around a vortex core could be
expressed in terms of its Fourier components as,
B(r) = 〈B〉
∑
k
bk e
ik.r (2.15)
where k is the reciprocal space vector and 〈B〉 is the average flux density. The Fourier
components in the London Limit could be expressed as,
bk =
1
1 + λ2|k|2 (2.16)
The field distribution p(B) could be directly obtained using eqn 2.16 and the relevant pa-
rameters of the FLL could be derived using it, if the lattice symmetry is known. The nth
moment of the distribution could be derived using the following expression,
〈∆Bn〉 =
{ ∑N
i=1 p(Bi)(Bi − 〈B〉)n∑N
i=1 p(Bi)
}
(2.17)
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whereBi is the field value at the ith site and the sum has been taken over N such points. The
2nd and 3rd moments are of particular importance for a FLL as they can be directly related
to the physical parameters. The second moment (width of the distribution) maps the range
of accessible fields in the vortex lattice. The 3rd moment 3-body correlation of the flux lines
distribution and the ratio of these two describes the structure of the lattice. In the London
limit, λs could be directly obtained from the second moment by,
〈∆B2〉1/2 = Constant
λ2s
; (H  Hc1) (2.18)
Another important parameter relevant for the present work is the skewness α which is inde-
pendent of the width of the distribution defined by,
α =
〈∆B3〉1/3
〈∆B2〉1/2 (2.19)
α is a dimensionless quantity which is inherently related to the the structural and dynamical
change of a vortex lattice [60].
2.2 Polarized Neutron Reflectivity Technique (PNR)
2.2.1 Neutrons
Neutrons are spin 12 particles with a z-component of angular momentum± h¯2 . The de Broglie
wavelength of thermal neutrons is comparable to the interatomic length scales. Neutrons are
also uncharged particles and they can penetrate deep inside any material at close proxim-
ity to the nucleus with zero Coulomb barrier. For this reason, neutrons can be used to find
accurate structural information. The magnetic moment of neutron also gives rise to a mag-
netic scattering in the case of any kind of neutron-matter interaction. For elastic scattering,
neutrons can provide information about the static arrangement of electronic magnetism,
however for inelastic case, the scattering behaviour follows the time varying magnetic ex-
citations [61]. The polarisation of a neutron spin sn can be defined by taking the ensemble
average over all possible spin directions by,
P = 2〈sn〉 (2.20)
On application of an external magnetic field, neutron spins can be aligned parallel or an-
tiparallel to the applied field direction in the ↑ or ↓ states respectively. The spin polarisation
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is defined by,
P =
N↑ −N↓
N↑ +N↓
(2.21)
where N↑ and N↓ are the numbers of ↑ and ↓ neutrons respectively. The fundamental con-
stants related to neutrons are listed in Table 2.2 [61].
Table 2.2: Fundamental Properties of a Neutron
Mass (mµ) Charge Spin Gyromagnetic Ratio[62] Magnetic Moment
1.675×10−27kg 0 ±h¯/2 2pi× 29.164MHz/T -1.913 ×µN
2.2.2 Technique
Polarized neutron reflectivity (PNR) is a very powerful technique for the investigation of
magnetic and structural properties of thin magnetic films and multilayers. A neutron can
be described by a plane wave vector k, whose magnitude is k = 2piλ and kinetic energy
Ekin = h¯
2k2
2m . Similar to an optical reflection, if a neutron is reflected elastically by a perfectly
planar boundary between two medium, then ki = kr where ki and kr are the incident and
reflected wave vectors and the scattering vector (q) can be written as,
q = |kr − ki| = 4pi
λ
sin Θ (2.22)
where λ is the neutron wavelength and 2Θ is the scattering angle, θi = θr = Θ is the an-
gle between the incident beam and the plane of the surface as illustrated in Fig. 2.2.1(a).
Following the wave nature of neutrons, when a neutron travels from medium 1 to medium
2, the index of refraction (n) can be defined as,
n =
k2
k1
=
cos θ1
cos θ2
(2.23)
k1 and k2 are the amplitudes of k vectors in medium 1 and 2 respectively. While crossing
the boundary between two different mediums, neutrons can see the difference of potential
which is a sum of nuclear and magnetic contributions as illustrated in 2.2.1(b). The total
potential can be written as,
V = V Nuclear + VMagnetic =
2pih¯2
mn
Nb¯ ± µn.B (2.24)
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(a) (b)
Figure 2.2.1: (a) Scattering configuration for specular neutron reflectivity studies. ki, kr are the incident and
reflected wave vectors, θi and θr are the angles of these beams relative to the interface. For specular reflection
θi = θr and |ki| = |kr| (b) Spin dependent magnetic scattering in the case of a PNR geometry, M1, M2 represent
the directions of magnetisations in different layers in the presence of an externally applied magnetic field and
the magnetic potentials for different spin states in different layers have been shown at right. The red and
blue lines represent the total potential for ↑ and ↓ spin states respectively, green denotes nuclear potential
which is essentially non-magnetic. Spin polarised neutrons reflected from the bottom Air interface will show no
magnetic contrast in the reflectivity profile as it’s non-magnetic. Magnetic contrast in the reflectivity increases
from M1 →M2 →M3 as the magnetic contribution towards incoming neutrons increases in that order. The
red/blue arrows on top illustrates the relative contrast of the ↑ / ↓ states of the reflected neutrons due to magnetic
contributions from different layers.
where N is the number of scattering centres, b¯ is the average scattering length density, mn
and µn are the mass and magnetic moments of a neutron and B is the applied flux density.
A cartoon describing the effect of a magnetic potential on the incoming neutron spin polar-
isation is shown in Figure 2.2.1(b). Both incoming spin states see an identical environment
due to the nuclear potential [green line in Figure 2.2.1(b)]. However, magnetic potential
has different influences on the two spin states [red (↑) and blue (↓) lines in Figure 2.2.1(b)].
Depending on the direction of the external applied magnetic field, the total potential (nu-
clear+magnetic) will be enhanced for one spin state and reduced for the other spin state.
The amount of magnetic contribution towards the reflectivity has a pronounced influence
on the spin asymmetry behaviour which is almost negligible for a completely non-magnetic
system and finite (and non-zero) for a magnetic system.
The refractive index from Eqn 2.23 can be rewritten as,
n± = 1− Nλ
2
2pi
(
b¯∓ 2pimn
h2
µn.B
)
(2.25)
The critical angles (θ±c ) are different for ↑ and ↓ spins and they depend on the size of mag-
netic potential height in the system. Any neutron arriving at an angle (θ ≤ θc) will get
completely reflected because of total internal reflection. For a single non-magnetic substrate
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(a) (b)
Figure 2.2.2: (a) Reflectivity pattern for a single layer, the reflectivity is unity below critical edge (qc) due to
total internal reflection, above qc the reflectivity falls as 1/q4 (b) For a multilayered system, fringes appear in the
reflectivity profile above qc corresponding to the thicknesses of individual layers although overall reflectivity
follows the 1/q4 behaviour.
the reflectivity pattern will look like 2.2.2(a), and for a multilayered system it will show
oscillations corresponding to the thicknesses of different layers (2.2.2(b)).
During an experiment, a collimated beam of neutrons is allowed to pass through a disc
chopper. Before the beam reaches the experimental area, collimation of the beam is achieved
by two slits which define the illuminated area and the resolution of the sample position
given by [7],
∆q
q
=
tan−1((s1 + s2)/ds)
θ
(2.26)
where s1 and s2 are the heights of the two collimation slits, ds is the sample to detector
distance and θ is the incident angle.
In the case of a pulsed neutron source reflectometer, incoming neutrons have a fixed
wavelength range, therefore at each incident angle on the sample a limited q range is ob-
tained. Varying the incident angle and combining the data, q ranges can be extended. The
polarised neutron reflectivity can be used to measure the structural properties like thick-
ness, roughness and magnetic information such as variation of magnetisation across the
thickness of a multilayered structure. It also provides compositional variation perpendicu-
lar to the plane of the film, with an accuracy on a sub-nanometer length scale. Neutrons can
penetrate through most of the engineering materials without any absorption, which in case
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of complex sample architectures makes it possible to determine the structural and magnetic
information simultaneously [63].
2.2.2.1 PNR and LEµSR
PNR and LE-µSR are complementary techniques for the investigation of magnetic thin films.
Considering the absence of coulomb interaction for neutrons, PNR is useful for obtaining
thickness and roughness of different layers of a multilayered structure. This is in turn use-
ful for LE-µSR experiment as one needs to know the thickness profile beforehand to do the
Monte Carlo simulation where stopping distance of incoming muons are essential. Using
PNR one can also determine the magnetic information across the thickness of the sample
with a spatial sensitivity' 10Å. Drew et al. [64] have probed the spatial arrangement of flux
vortices (existence of multiple rows of vortices in a 2D system) in the mixed state of a purely
superconducting thin film and the formation of a number of distinct microscopic states in-
dicating a crossover from 2D to 3D superconductivity. LE-µSR is a resonance technique and
is particularly useful for measuring low magnetic fields. Allowing muons to land at specific
areas of the sample, one can accurately probe the magnetic behaviour with a spatial sensi-
tivity ' 100Å. Using the technique of LE-µSR, the existence of a RKKY type of Spin Density
Wave has been demonstrated in a tri-layered structure [65, 66]. Techniques such as small-
angle neutron technique (SANS), bulk µSR are not suitable for thin film measurements as
they require larger volumes of sample. The combinations of PNR and LE-µSR is thus highly
useful to find out the microscopic magnetic information for thin films which can provide
both the spatial and magnetic resolution.
2.2.3 Experimental Set Up
2.2.3.1 CRISP
The CRISP reflectometer is a pulsed source time of flight (TOF) instrument located at the TS-
1, ISIS, Rutherford Appleton Laboratory, Oxfordshire. The sample space has been fitted with
a Oxford Instrument continuous flow cryostat with a base temperature ≤ 2K. The magnetic
field is provided using an electromagnet with a maximum field ∼ 1T. The experimental set
up provides a wavelength coverage of 0.5-6.5Å with a resolution (= δq/q) is typically ∼
2%-10%.
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2.2.3.2 PolRef
PolRef is the latest PNR facility installed at the second target station (TS-II) at ISIS, Ruther-
ford Appleton Laboratory, Oxfordshire. The instrument can provide flexible and 3D polari-
sation control over a broad range of wavelength coverage (1-15Å) compared to CRISP. The
experimental set up is fitted with a 2T ×2T ×2T superconducting vector magnet with accu-
rate three dimensional control of field directions at the sample position. The sample cham-
ber also provides the facility of measurement over a wide temperature range (2K - 300K)
using a continuous flow cryostat with a beam resolution (= δq/q) is typically ∼ 3-10%.
2.2.3.3 AMOR
AMOR is a multipurpose reflectometer devoted to the investigations of surface and inter-
facial behaviour of materials located at SINQ, PSI. The reflectometer can work in a TOF or
(θ − 2θ) mode. Similar to CRISP, AMOR also uses electromagnets for providing moderate
magnetic fields (∼1-1.5T). The sample environment uses a close cycle refrigeration system
with a base temperature of operation ∼ 2.5K. The typical experimental resolution available
is ∼ 6-10%.
2.3 X Ray Reflectivity
X Ray Reflectivity is a highly useful tool for characterising thin films and multilayered struc-
tures. The working principle is similar to neutron reflectometry technique as described in
Sec 2.2.2. A typical X ray beam used for these kinds of investigation is a nearly monochro-
matic Cu-kα beam with λ ∼1.54Å which impinges on a flat surface and a specular reflection
pattern is produced. The reflectivity pattern produces fringes corresponding to the thick-
ness of the individual layer thicknesses. The angle of incidence is typically ∼ 2o − 4o where
the electron density is considered to be continuous [67]. For the current work, this has been
used mostly for calibration purposes, to determine the growth rate and thickness of differ-
ent layers. The thickness of a film could be determined from different orders of reflections
as,
λ2(2n+ 1)
4
= d2(θ2n+1 − θ2n) (2.27)
where d is the film thickness, θn, θn+1 are the incident angles for nth and (n + 1)th order of
reflections. A plot of λ2(2n+ 1)/4 against (θ2n+1 − θ2n) will be straight line and the thickness
could be obtained from the slope.
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Figure 2.4.1: (a) Configuration of a second order gradiometer superconducting detection coil, when a sample
moves through the coil currents pass through the coil marked by arrows, (b) The output voltage of a SQUID
centring scan as a function of position. Considering a point dipole moving through the coil in the presence of
an external magnetic field, signals add up at the centre corresponding to the peak of the output voltage and
minimum at both ends.
2.4 Magnetisation Measurements
2.4.1 SQUID Magnetometry
A Magnetic Property Measurement Unit based on a Superconducting Quantum Interference
Device is a highly sensitive magnetic measurement unit consisting of four key components
− (i) a superconducting magnet, (ii) a superconducting detection coil, (iii) a magnetic shield
and (iv) the SQUID device with a DC sensitivity≤ 5×10−6 emu. The detection coil is a single
piece of superconducting wire [68] with four turns (two at the centre and one at each end)
configured as a second order gradiometer and placed at the centre of the superconducting
magnet. Thus any kind of noise arising due to the fluctuations of magnetic field effectively
get cancelled. This is connected to the SQUID sensor via superconducting wires. Fig 2.4.1(a)
illustrates the configuration of a SQUID detection coil.
In the measurement process, the sample (attached to the end of a sample rod) moves
vertically through the centre of the superconducting detection coils in a uniform external
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applied magnetic field1. The magnetic dipole moment of the sample causes a rate of change
of magnetic flux with the sample movement. According to Lenz’s law2,
emf =
dΦ
dt
= −L dI
dt
(2.28)
this in turn produces a change of persistent current flowing in the detection coil and the
SQUID output voltage. The SQUID device is inductively coupled to the detection coil unit
and acts as an extremely sensitive linear current to voltage converter. While measuring large
magnetic moments in SQUID, the accuracy of the measurement depends on the experimen-
tal geometry of the sample with respect to the external field considering the demagnetisation
effects [69]. For any arbitrary shaped sample placed in an external magnetic field H0, the net
magnetic field inside the sample (H) is not the same as the external field. The field inside
the sample can be expressed as H = H0 − Hd where Hd = -NM is the demagnetisation field,
H0 is the externally applied field and N is the demagnetisation factor. This demagnetisation
effect originates as all the magnetic flux released from the sample does not escape back to
the sample and the demagnetisation field accounts for the net flux returning to the sample.
All the samples we measured were either superconducting or ferromagnetic and special
care was taken to measure them. The sample holder used is a thin rod of quartz with square
cross section. Quartz is the most widely used material for sample holders for magnetic
measurements because of its low diamagnetic susceptibility over a broad temperature range.
2.4.2 Vibrating sample magnetometry
The vibrating sample magnetometry [70] is widely used for investigating magnetic prop-
erties of large volume of magnetic materials. The measurement technique works on the
following principle - the sample under investigation is placed in a uniform magnetic field
and then it’s physically vibrated with a sinusoidal motion, mostly using a piezoelectric ma-
terial. Following Lenz’s law (Eqn 2.28), this motion generates a sinusoidal electrical signal
with the same frequency of the sample vibration and an amplitude proportional to the mag-
netic moment of the sample which can be detected through stationary pick-up coils. During
measurement, the sample is mounted in a small sample holder which is placed at the end
of a sample rod with an electromechanical transducer attached to it. The power amplifier
drives the transducer with a specific oscillation frequency (typically ∼90Hz) along the Z
axis perpendicular to the magnetic field [71]. The output signal is proportional to the sam-
1Nearly uniform for over a distance of 2-3 cm.
2Φ denotes magnetic flux, emf = Induced Electromotive Force and L is the Inductance.
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ple magnetisation and is detected through a series of amplifiers connected appropriately.
The experimental sensitivity is typically ∼10−5 emu and magnetisation can be measured
over a wide temperature and magnetic field range.
2.5 Scanning Probe Surface Microscopy
2.5.1 Atomic Force Microscopy (AFM)
The technique of atomic force microscopy is used for imaging the surface topography up to
atomic resolution by way of measuring the force between the tip and the surface atoms. In
the measurement process, an atomically sharp tip made of materials like Si or Si3N4 scans
the sample surface. The tip is fitted at the back of a reflective cantilever which record the
movement of the tip through the use of a laser beam. The laser beam follows the motion of
the tip and the reflected intensity is detected simultaneously through a photodiode which
converts it as the height/force information of the surface. Depending on the distance (dc)
between tip and surface, an AFM could be used in two different operational regimes - (a)
Contact mode (dc ∼1-10Å) where the interatomic force is repulsive and (b) non-contact
mode (dc ∼10-100Å) in the attractive interaction regime.
2.5.2 Magnetic Force Microscopy (MFM)
Magnetic force microscopy is a special mode of atomic force microscopy where a sharp
magnetized tip is used to obtain any kind of magnetic response from the sample. When
the magnetic tip scans the sample, it can detect the effects of stray fields as it exerts a force
on it. Surface magnetic structure of the sample could be reconstructed from it. The tip
senses the magnetic orientations of domains and the boundary positions. MFM is a special
operational mode of AFM as the tip is coated with a permanently magnetized material. In
the scanning process, AFM first scans the surface topography and the tip started scanning
magnetic information latter (see Figure 2.5.1). MFM works on the principle of the tip-sample
interaction. When the tip is brought in close proximity of the sample, the magnetic energy
could be written as,
ε = µ0
∫∫∫
V
~Mtip. ~Hsample dVtip (2.29)
43
CHAPTER II SCANNING PROBE SURFACE MICROSCOPY
Figure 2.5.1: Schematic description of the working principle of a magnetic force microscope. During a scan,
the magnetically coated tip placed at the end of a cantilever senses the contrast of magnetic flux environment
in the sample under investigation. If the sample has multiple magnetic domains magnetically oriented in dif-
ferent directions, then the scan demonstrates a magnetic contrast between different domains across the domain
boundary in the final MFM signal (dotted red line).
and the resulting magnetic force could be expressed by,
~F = −∇ε = −µ0
∫∫∫
V
∇( ~Mtip. ~Hsample) dVtip (2.30)
where integration has been taken over the volume of the tip, Mtip is the magnetisation of
the tip and Hsample is the magnetic field at the sample. The tip is attached to the back of a
cantilever and when it moves on the surface, any kind of change in flux density will result
in a change of the resonant frequency of the tip-cantilever system given by [72],
f = f0
√
1− ∂F/∂z
k
(2.31)
where f0 is the resonant frequency in the absence of any force gradient and k is the spring
constant. Thus any effect of stray field, presence of domain walls could be easily detected
through this process. When the tip sees a similarly magnetically oriented domain, it comes
in close proximity to it and the tip-sample separation is maximum in the case of completely
oppositely oriented domain as the interaction force is maximum in the later case as evident
from eqn 2.30 (see Figure 2.5.1).
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2.6 Surface Profilometry
Surface profilometry is a technique used to quantify the overall curvature and roughness of
a sample surface through a horizontal and vertical scanning mechanism. A vertical stylus
made of diamond stays in close contact with the sample surface and while scanning through
the hills and valleys of the surface, the stylus movement generates a voltage proportional
to the step size. The data recorded in this thesis has been measured using a Vecco DekTak
profilometer located at the School of Physics, University of St. Andrews and maintained
by the group of Prof. Thomas Krauss and Prof. Ifor Samuel. It has a vertical resolution of
1Å and can scan over a horizontal range of 50µm-50mm in a single scan. The sample is
mounted on the stage and it’s fixed with a vacuum seal. The relative position of the sample
with respect to the stylus is first calibrated using a laser beam. Once the sample is in close
proximity with the stylus, the stylus can measure any kind of roughness using its low inertia
sensor.
2.7 Transport Measurements
The transport measurements reported in this thesis have been performed using a general
purpose AS Scientific Orange Cryostat with a base temperature of 1.5K. The cryostat which
is rotatable is placed within a pair of helmholtz coils with a maximum field option of 1T al-
lows the option of measurement as a function of angle between the field and sample plane.
This is particularly useful for measuring anisotropic magnetic materials as the field could be
varied along easy and hard axis directions. The temperature stability has been provided by
using a Lakeshore temperature controller and the temperature set point has been controlled
using a PID controller. All the instruments have been interfaced and remotely controlled
along with data acquisition. The measurements have been performed using a four-probe
measurement set up. A constant current source of 1mA has been used and the correspond-
ing voltage has been measured through other two terminals. The measurements have been
taken as a function of magnetic field, temperature and angle.
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3.1 Introduction and Background
The influence of ferromagnetism on the superconductivity of Pb has been first experimen-
tally studied by Hauser et al. [73]. In fact a clear indication of the proximity effect in the case
of a F/S/F heterostructure was first observed in a Fe/Pb/Fe trilayered structure which was
evident from the non-monotonic dependance of Tc on the Fe layer thickness (dFe), although
this was initially interpreted as an indication of a pi-type of coupling between the F layers.
Evidence of an increase in the Tc with the F layer thickness was also observed in other F/S/F
systems like Nb/Gd [74] and Nb/Fe [75]. However, the origin of this effect was not clearly
understood because of the complex nature of their alloyed F/S interfaces. The Fe/Pb system
has a clearer advantage over these systems in this regard, as these elements (Fe and Pb) are
almost immiscible due to their very low solubility in the liquid states [76, 77].
In the recent times, there has been an increasing interest in understanding the behaviour
of the sandwiched F/S/F structures [39, 78, 79] and extensive work in understanding the
proximity effect in the Fe/Pb system was performed by Laura Lazar et al. [77, 80, 81]. They
also compared their experimental results with the theoretical descriptions reported by Radovic
et al. [82, 83] and a modified version of the earlier treatment that includes the effect of finite
interface transparency [84]. In the same system, microscopic investigation were performed
by our group [65] using novel LE-µSR technique [85] to elucidate the electronic behaviour
inside the superconducting Pb layer in the presence of two Fe layers placed symmetrically
on both sides of the Pb layer. A strong coupling between the two order parameters was
observed through the form of a RKKY [10, 11, 12] type of Spin Density Wave (SDW)1 in a
trilayered structure [65]. The spin density wave originated as a result of the strong spin po-
larisation of the conduction electrons in the Pb layer by the neighbouring Fe layers and one
of the two wave vectors contributing to the SDW undergoes a pi/2 phase change below Tc
[65, 7].
Using Polarised Neutron Reflectivity technique (PNR), Drew et al. [64] has measured the
nature of the superconducting state in different field regions in pure Pb samples. They man-
aged to find the evidence of different mesoscopic ground states with a change of applied
field while the system moves from a pure Meissner to the mixed state by a change of vortex
lattice structure from 1D row to a 2D zig-zag arrangement [64]. In the thin film structure,
pure Pb is superconducting with a superconducting coherence length (ξs)∼300Å and super-
conducting penetration depth (λs) ∼700Å [64] and a Tc ∼ 6.5K. This has made Pb extremely
special for investigating any kind of superconducting-ferromagnetic coupling effects as the
1Also observed earlier in a Fe/Ag/Fe heterostructure [66]
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superconductivity is also robust in reduced dimensions unlike other elemental supercon-
ductors like Nb [23], NbTi [86], V [87] etc and this has made the Fe/Pb system ideal for
measuring these kinds of subtle coupling effects.
3.2 Motivation
Earlier work on this system by our group has focussed on investigating the behaviour of the
mesoscopic ground state in a Fe/Pb/Fe trilayered structure [7]. The evidence of strong cou-
pling effects between the two electronic states was found in the form a SDW in the supercon-
ductor using the LE-µSR technique [65]. The reduction of the SDW amplitude (and overall
magnetisation profile) in the vicinity of F/S interface at T<Tc demonstrates the signature of
a novel ground state in the system. In other work, the type-II nature of the superconductivity
of Pb in the thin film geometry was confirmed using a combination of PNR measurements
and TDGL results [64]. These results provide an overall insight in the physics of the micro-
scopic behaviour of this system. However, the spatial information about the magnetic state
in the multilayered Fe/Pb structure was not determined with enough spatial resolution due
to the inherent spatial limitation of the LE-µSR technique.
In this work, we focussed on understanding the magnetic behaviour of this system us-
ing spin polarised neutrons specifically focussing on those areas at the F/S interface where
most of the exotic coupling effects are expected to have a stronger presence. The technique of
PNR is highly effective for measuring subtle coupling effects directly as polarised neutrons
are highly sensitive towards measuring large changes of magnetic flux densities with a high
spatial resolution ∼ 10Å . This is highly effective for investigating magnetic information in
the close vicinity of the F/S interfaces accurately and thus can work as a complementary
method to the LE-µSR technique. Most common types of bulk microscopic probing tech-
niques like SANS [88, 89] and bulk µSR [90, 91] are not suitable for investigating thin films
as they require larger volumes of samples. The use of the polarised neutron reflectivity for
the investigation of the magnetic flux structure of thick (∼ 1 - 5µm) superconducting films
was performed on Nb by Felcher et al. [92], Nutley et al. [93] on Pb film and in thin super-
conducting films by Zhang et al. [94] on Nb film on Si and Han et al. on YBCO film [95].
One of the main reasons for using neutrons for the Fe/Pb heterostructure is to detect the
existence of SDW for this structure as the slower component of the SDW has a wave vec-
tor ∼ 26Å, which is expected to be detectable using PNR. However, the major drawback
of using PNR for any F/S/F structure lies in the fact that the spin asymmetry due to the
magnetic layers is far greater than the diamagnetic contribution from the superconducting
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region which makes it very difficult to find any signature of superconductivity directly. The
differences between the spin asymmetry measured in the normal and the superconducting
states are very very subtle and can only be detectable at the peak/minima positions of the
spin asymmetry profile. We used highly specialized analysis techniques to detect the signa-
tures of them.
3.3 Sample Details
3.3.1 Sputtering Process
Sputtering is a momentum transfer process between the incident ions and the target atoms
used for depositing thin films and multilayered structures on a substrate (commonly silicon
or sapphire). In the growth process, the atoms from the target surface are ablated by bom-
barding high energetic particles, ions or neutral atoms etc. In the energy transfer process,
surface atoms are able to leave the target surface when the incoming particle energy is large
enough to overcome the surface binding energy of the material. The growth process takes
place in an ultra high vacuum condition with very large mean free path of the residual gas
atoms. The target is usually kept at a negative potential (∼ -300V) to attract the ionising
particles towards it with a high velocity. When these ionised particles impinge on the target
surface secondary electrons are produced which collide with other neutral atoms that create
further ionisation. For a sufficiently large ionisation rate, a stable charged plasma is created
which provides sufficient ions for sputtering a material.
3.3.2 Magnetron Sputtering
The technique of DC magnetron sputtering uses an array of magnetic pole pieces to provide
a static magnetic field environment during the growth process. This is because in the case
of standard sputtering process, a significant number of electrons escaping the target can not
contribute to the plasma as they fly around the chamber causing radiation and colliding
with other particles. This problem has been fixed in the case of magnetron sputtering by
generating a magnetic field parallel to the surface of the target. In the presence of a mag-
netic field, electrons experience a Lorentz force which trap most of the escaping electrons
in cycloid orbits rotating around the target surface. This results in confining the electrons
inside the plasma for a larger time to provide an enhanced ionisation probability and higher
deposition rate and sputtering yield.
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3.3.3 Growth Process
The samples have been grown by a DC magnetron sputtering process at the research facil-
ity located at the University of Leeds on a polished Si {100} substrate. The substrates were
first cut into different sizes from a 3" wafer and cleaned prior to deposition through a se-
ries of solvents - (acetone and isopropanol latter) for nearly 30 minutes. Two different sizes
of substrates were used for sample growth : 1"×1" (for neutron reflectivity measurements)
and 5mm×5mm (for transport and bulk magnetisation measurements). The sample cham-
ber can accommodate 16 different substrates at a time and before starting any deposition,
the chamber was pumped down from atmospheric pressure using a turbo pump to a base
pressure of 10−7 mbar. The vacuum level was improved further by circulating liquid N2
around the chamber to 10−9 mbar as a cryo-pump. The targets were cleaned prior to the de-
position to avoid any additional impurity effects in the growth process and before starting
actual depositions they were warmed up and pre-sputtered on the lid window. The Fe and
Mo targets were pre-sputtered for nearly 5 mins at 100-125mA while Pb target was warmed
up for nearly 10 mins at 50mA current. The growth was performed in a Ar environment at
2.45 mTorr nozzle pressure. Ar being an inert gas does not react with any of the elements,
which provides an ideal ionising medium and the mass of the Ar atoms are heavy enough
to knock out the surface atoms resulting in an uniformly discharged plasma. The substrate
holder can be rotated mechanically and while growing a specific layer on a particular sub-
strate, the rest of the substrates were covered with masks to protect them from additional
materials depositing on the substrates. The growth parameters associated with the current
samples have been listed in Table 3.1. It is to be noted that trilayered and bilayered samples
Table 3.1: Sample Growth Parameters
Target Power Current Growth Rate
(W) (mA) (Å/s)
Mo 33 20 3.3
Fe 38 100 1.7
Pb 7 100 7.0
were not grown simultaneously. However, the trilayered samples were grown in an identi-
cal way and the growth parameters were similar to that of listed in Table 3.1. The sample
chamber was warmed up over night after growth before taking the samples out of the cham-
ber. Taking the samples out of the chamber before this leads to severe oxidation of the Pb
layer.
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(a) (b) (c)
Figure 3.3.1: Fe/Pb thin film structures - (a) Trilayered sample with two Fe layers on both sides of the Pb layer,
Mo acts as a cap layer. (b) Bilayered sample, where only a single Fe layer exists at the bottom of the Pb layer, x
is the thickness of Fe layer which is a variable and the bottom Mo layer acts as a buffer layer, (c) Pb only sample
with a Mo buffer and cap layer.
The most common problem of growing Pb is controlling the growth rate which adds
roughness to the overall structure. In order to grow a uniform layer of Pb, the growth should
occur atomically [81] and it had been experimentally demonstrated that depending on the
nature of the material (Si, Al2O3 or Fe) on which Pb will be grown, the optimal growth
rate can be different to get a smooth interface with minimal roughness [77]. However, this
growth rate also varies between different commercially available Pb targets and with growth
environment. For the present case, we found a good quality interface for an optimal growth
rate ∼ 5 - 7Å/s for measuring most of the interesting coupling effects.
The sample structures have been illustrated in Figure 3.3.1. Figure 3.3.1(a),(b) and (c)
correspond to the trilayered, bilayered and pure Pb samples respectively. Mo acts as a cap
layer (thickness ∼ 50Å) for all the structures protecting the Pb layer from atmosphere as Pb
is highly susceptible to oxidation. Another reason for using Mo as a cap layer is because of
the fact that among other materials used for cap layers, Mo provides maximum coverage to
the Pb surface [77]. The noticeable differences between the bilayered (Figure 3.3.1(b)) and
trilayered structures (Figure 3.3.1(a)) is the presence of the bottom Mo layer in the bilayered
structure. The bottom Mo layer acts as a buffer layer in order to reduce the effect of rough-
ness arising from the substrate. All the bilayered samples measured in this present work
have been grown in the same run under identical growth conditions.
51
CHAPTER III EXPERIMENTAL DETAILS
3.4 Experimental Details
3.4.1 Bulk Characterizations
The bulk magnetic characterizations have been performed using the in-house facilities lo-
cated at the University of St. Andrews.
3.4.1.1 Magnetisation Measurements
The magnetisation measurements have been taken using a 5T MPMS SQUID located within
the School of Physics at St. Andrews with a base temperature of operation ≈ 1.8K. The sam-
ple holder was made of a thin quartz rod of square cross section. Quartz being highly non-
magnetic and with a flat magnetic response over a large field and temperature ranges work
as the ideal material for sample holder for these measurements. For measuring magnetisa-
tion of a magnetic thin film, an additional component of magnetisation can arise for slight
misalignment of the sample plane with respect to the in-plane applied field direction. To
prevent this situation, quartz rods with square cross sections have been chosen as the sam-
ple holder where the sample was placed on the flat surface of the holder to reduce this effect.
In Figure 3.4.1(a), the hysteresis behaviour of a trilayered sample measured at 15K has
been shown. Fe being a soft ferromagnet, saturates at a low magnetic field (∼300G). The
sudden change of the slope of the magnetisation curve near 200G in the normal state (also
present in the reverse branch of magnetisation with an decrease in the external applied field)
indicates a slight mismatch of the thicknesses of the two Fe layers. In the superconducting
state, the magnetic behaviour of the sample in the ZFC and FC conditions have been mea-
sured for an in-plane applied magnetic field of 100G as illustrated in Figure 3.4.1(b). A clear
and sharp change of the magnetisation in both FC and ZFC branches occur at 5.5K (super-
conducting transition temperature) indicating the good quality of the film.
In Figure 3.4.2(a), the field dependence of the magnetisation in the superconducting state
has been shown and the lower critical fieldHc1 could be estimated from it (the virgin branch
of a hysteresis curve) by drawing a line parallel to the linear diamagnetic region and extrap-
olating it to the field axis. Hc2 has been determined from a hysteresis loop (see Figure 3.4.2(b))
from the point where all three branches of magnetisation reach a saturation value indicating
a transition to the normal state. The blue circle in Figure 3.4.2(b) indicates the transition
point (Hc2) to the normal state for a bilayered sample.
The magnetisation of a pure Pb sample (with similar thickness of Pb layer) has been
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(a) (b)
Figure 3.4.1: Bulk magnetic behaviour of Fe/Pb/Fe trilayered structure : (a) Hysteresis loop measured at 15K
in the normal state for an in-plane external applied field and (b) Temperature dependences of the ZFC and FC
behaviours of magnetisation for an in-plane applied field of 500G, the arrow on top indicates the transition point
between the two states.
(a) (b)
Figure 3.4.2: Estimation of the critical fields : (a) Lower critical field(Hc1) for a trilayered structure is nearly 150G
at 3K in the superconducting state of Pb, measured from the point of linear divergence of the virgin branch of
magnetisation and (b) Upper critical field(Hc2) was measured from the point where the sample goes to the
normal state marked by the blue circle.
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(a) (b)
Figure 3.4.3: Bulk magnetic behaviour of pure Pb thin film : (a) Temperature dependences of ZFC and FC
behaviours of magnetisation measured for an in-plane applied field of 50G, the arrow indicates the supercon-
ducting transition point and (b) Magnetic hysteresis behaviour of pure Pb in the superconducting state measured
at 1.8K for an in plane external applied magnetic field.
plotted in Figure 3.4.3. The ZFC/FC branches of magnetisation in Figure 3.4.3(a) indicate a
sharp superconducting transition around 6.5K. In Figure 3.4.3(b), the field dependence of the
magnetisation has been plotted. A finite size of the hysteresis curve in the superconducting
state demonstrates the robustness of the superconducting behaviour of Pb in the reduced
dimensions. The measurements of the bilayered samples have been taken in similar way
under almost identical experimental conditions. The field and temperature dependences of
the magnetisation for thin (dFe=15Å) and thick Fe (dFe=30Å) layers have been plotted in
Figure 3.4.4 and Figure 3.4.5 respectively.
The temperature dependences of the superconducting critical fields for these films have
been shown in Figure 3.4.6. In Figure 3.4.6(a), the upper critical field for different Fe layer
thicknesses (estimated from the hysteresis and ZFC/FC measurements) have been plotted
as a function of temperature. Fitting an analytical function to the upper critical field data
shows a temperature dependence Hc2(T ) ∼ (T − Tc)n, where n=0.69(4) for Pb only and
n=0.64(1) for 15Å thick bilayered Fe sample. By extrapolating these fits towards the T=0
value, the value of GL coherence lengths (ξGL(0)) can be estimated using the GL theory for
a 3D superconductor by,
Hc2(0) =
Φ0
2piξ2GL(0)
(3.1)
where Φ0 is the flux quanta and the superconducting coherence length length (ξs) can be
54
CHAPTER III EXPERIMENTAL DETAILS
(a) (b)
Figure 3.4.4: Magnetic behaviour of bilayered structure (Fe15Å/Pb2000Å) : (a) Magnetic hysteresis behaviour
in the superconducting state measured at 3.5K for an in-plane external applied magnetic field and (b) Temper-
ature dependences of ZFC and FC behaviours of magnetisation for an in-plane applied magnetic field of 500G,
superconductor→ normal transition is marked by the arrow.
(a) (b)
Figure 3.4.5: Bulk magnetic behaviour of Fe30Å/Pb2000Å thin film : (a) Temperature dependence of ZFC branch
of magnetisation for an in-plane applied field of 200G and (b) Magnetic hysteresis behaviour of the same in the
superconducting state measured at 1.8K for an in-plane external applied magnetic field.
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derived from it by [83], [77],
ξs(0) =
(
2
pi
)
ξGL(0) (3.2)
In the T=0 limit, the value of superconducting penetration depth (λs(0)) could be obtained
from the lower critical field (Hc1(0)) similarly using the following expression,
Hc1(0) =
Φ0
2piλ2s(0)
(3.3)
The values of λs(0) and ξs(0) for different thicknesses of Fe (dFe) in different samples have
Table 3.2: Superconducting Parameters from bulk magnetisation measurements
dFe Hc1(0) Hc2(0) λs(0) ξGL(0) ξs(0) κ
(Å) (Gauss) (Gauss) (Å) (Å) (Å)
0 670 2428.2 701.23 368.4 234.5 2.98
15 490 2242.8 819.97 383.25 243.98 3.36
30 420 2312.5 885.7 377.5 240.3 3.68
been listed in Table 3.2. For Pb only sample, the values are well in agreement with the values
calculated by using phenomenological time-dependent-GL equation earlier for similar films
[64]. For all these samples, the value of κ > 1/
√
2 which confirms the type-II nature of these
films. This is to be noted that the values of Hc1(0) used for calculating λs(0) are the lowest
temperature values of Hc1 measured at T=1.8K as shown in Figure 3.4.6(b).
3.5 Polarised Neutron Reflectivity (PNR) Measurements
The PNR technique has been used to determine the depth dependent magnetic information
perpendicular to the plane of the film in a multilayered architecture. Specular neutron re-
flectivity patterns can also provide information regarding the compositional variation across
the thickness of a thin film. The measured spin dependent neutron reflectivity is the ratio
between the incoming (Ii) and reflected (Ir) neutron intensities defined as,
R↑/↓(q) =
∣∣∣∣Ir(q)Ii(q)
∣∣∣∣
↑/↓
∝
∣∣∣∣NrNi
∣∣∣∣2
↑/↓
(3.4)
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(a) (b)
Figure 3.4.6: (a) Temperature dependences of the superconducting critical fields estimated for bilayered samples
: (a) Upper critical field (Hc2) as estimated for different Fe layer thickness from the magnetisation curves. The
points are the data and the lines are the fits. (b) Lower critical field Hc1 as a function of temperature (green line)
and Fe layer thickness (red line).
where Ni and Nr are the numbers of incoming and reflected neutrons. The spin asymmetry
at temperature T can be written as,
S(T ) =
R↑(T )−R↓(T )
R↑(T ) +R↓(T )
(3.5)
The temperature dependent spin asymmetry for a specific spin state can be expressed as,
σ↑/↓(T ) =
R↑/↓(T > Tc)−R↑/↓(T < Tc)
R↑/↓(T > Tc) +R↑/↓(T < Tc)
(3.6)
3.5.1 Tri-layed structure - Fe/Pb/Fe
3.5.1.1 Experimental
The experiments have been carried out at the neutron beam line located at ISIS, Rutherford
Appleton Laboratory, Oxfordshire, UK. The measurements have been taken at the CRISP
reflectometer at the first target station (TS-I), ISIS. The instrument has a typical wavelength
coverage of 0.5-6.5Å and the instrumental resolution set for measurements ∼ 2 - 2.5%. The
sample has been mounted in a sample holder (1"×1" dimension) placed inside an Oxford
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Instrument continuous flow cryostat with a base temperature of operation ∼ 2K and in-
plane magnetic field has been applied using a pair of Helmholtz coil electromagnet.
3.5.1.2 Data Analysis
The spin dependent neutron reflectivity profile has been modelled and fitted using an op-
tical reflectivity model as described by Blundell et al. [96]. In a solid medium, a neutron
is subjected to nuclear and magnetic potentials which is different in different layers. The
potential energy of a neutron in the ith layer can be written as a sum of these two terms
described by,
Vi =
h¯2
2pimn
ρibi − µn.Bi︸ ︷︷ ︸
Magnetic
(3.7)
where ρi is the number density, bi is the scattering length density, µn is the magnetic mo-
ment of neutron and Bi is the applied magnetic flux density in the ith layer. The nuclear
term is constant for a specific sample structure and is independent of moderate tempera-
ture fluctuations although the magnetic term has a different contribution depending on the
mutual alignments of the moment relative to the applied field directions.
For a multilayered structure, reflections from individual layers will add up in the final
reflectivity and for such multilayered structures, the Schrödinger equation can be solved to
describe the momentum transfer between the incoming and reflected/transmitted neutrons
which can be written in terms of a transfer matrix M which is spin dependent [96] as,
t↑u = M33/(M11M33 −M13M31), (3.8)
t↓u = M31/(M11M33 −M13M31), (3.9)
r↑u = (M21M33 −M23M31)/(M11M33 −M13M31), (3.10)
r↓u = (M41M33 −M43M31)/(M11M33 −M13M31) (3.11)
for up spin components, while for down spin state similarly we can write,
t↑d = M13/(M11M33 −M13M31), (3.12)
t↓d = M11/(M11M33 −M13M31), (3.13)
r↑d = (M23M11 −M21M13)/(M11M33 −M13M31), (3.14)
r↓d = (M43M11 −M41M13)/(M11M33 −M13M31) (3.15)
r and t refers to the reflected and transmitted components respectively and they depend on
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the matrix elements Mij . Arrowed superscripts correspond to the respective spins compo-
nents and u and d stand for up and down states of the incoming neutrons. The spin asymme-
try can be redefined in terms of the matrix elements as,
S =
R↑ −R↓
R↑ +R↓
=
|r↑u|2 + |r↓u|2 − |r↑d|2 − |r↓d|2
|r↑u|2 + |r↓u|2 + |r↑d|2 + |r↓d|2
(3.16)
Considering a trial set of parameters like thickness, roughness etc and a suitable instrumen-
tal resolution, R↑ and R↓ can be calculated using this model which can be compared or
fitted with the experimental data in order to estimate them. In the present analysis, both
spin up and spin down components of the reflectivities were fitted simultaneously to obtain
the nuclear structural parameters and the magnetic behaviour of different layers.
3.5.1.3 Magnetisation Models
In order to describe the microscopic details of magnetisation behaviour across the thickness
of the Pb layer, several depth dependent magnetisation profiles were used to find the nature
of magnetic coupling between the F and S layers. The magnetisation within the Fe layers
(around their saturation values as obtained from the fitting the reflectivity data) and the Mo
layer (zero magnetisation as estimated from the fitting the reflectivity data) are of similar
natures in all these cases. However, the magnetic structure within the Pb layer is of different
shapes and natures in different cases and also changes with a change of temperature. The
details of these profiles can be found in the following description. The associated cartoons
have been designed considering a trilayered Mo/Fe/Pb/Fe structure of the sample. The
white line represents the magnetisation in different layers and the blue line is a reference line
corresponding to m = 0 in all these models.
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Step Magnetic Profile: This is the simplest
model to describe the magnetisation behaviour
across the sample both in the normal (T > Tc)
and the superconducting (T < Tc) states. In this
model, individual layers have a constant mag-
netisation existing uniformly across the thickness
of these layers. The overall magnetisation pro-
file across the thickness (marked by white and
blue lines) is a combination of these magnetisa-
tion steps of different values in different layers.
The uniformity of magnetisation is a good ap-
proximation for thin layers. The magnetisation
of Fe and Mo layers do not change much with the
change of temperature. In the normal state, the
magnetisation in the Pb layer is represented by
the blue dotted line while in the superconducting
state, the diamagnetic contribution towards mag-
netisation in Pb is represented by the white line
with a negative step of height -mPb. In the super-
conducting state, this is a crude way to approxi-
mate the Meissner Profile.
Meissner Profile: For an applied field H ≤
Hc1, the magnetic behaviour of a superconductor
can be described by a Meissner state for T < Tc.
The flux density is screened over a distance λ,
the penetration depth of the superconductor from
both sides of the Pb layer symmetrically towards
the centre. This is a more realistic description of
the superconducting state than the Step Profile.
The magnetisation in the Fe layers remained uni-
form across their thickness. This magnetisation
within the Pb layer has been formulated mathe-
matically by Eqn 3.17. The thickness dependent
magnetisation behaviour has been marked by the
white line in the cartoon at left for T < Tc. It is to
be noted that this model has only been used for
fitting the data below Tc.
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Notch Magnetic Profile: The normal state
magnetisation in the Pb layer can be described
by a notch located at the Fe/Pb interface possi-
bly originating from the induced spin polarisa-
tion occurring at the Fe/Pb interface. The notch
at the left interface has a height Vi1 spread over a
distance t1, notch at the right interface is with a
height of Vi2 and width t2. This has been formu-
lated mathematically in Eqn 3.18 and Eqn 3.19.
The local magnetisation behaviour across the
thickness of the sample has been marked by the
white line in the cartoon at right for T > Tc. It is
to be noted that this model has only been used for
fitting the data in the normal state above Tc.
Notch+Step Magnetic Profile: In the su-
perconducting state, the magnetisation in the Pb
layer has been described by a combination of a
flat negative magnetisation existing at the centre
of Pb layer and a notch located at the Fe/Pb inter-
face. The notch at the left interface has a height Vi1
spread over a distance t1, notch at the right inter-
face is with a height of Vi2 and width t2. The local
magnetisation behaviour across the thickness of
the sample has been marked by the white line in
the cartoon at right for T < Tc.
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Interface Magnetic Profile: The supercon-
ducting state has been described by a combi-
nation of magnetisation arising from the notch
and a Meissner Profile at the centre of the Pb
layer. The notches exist at the two interfaces with
[height,width] of [Vi1, t1] at left and [Vi2, t2] at
right interfaces. This model provides the best
description of the data in the superconducting
state. This has been formulated mathematically
in Eqn 3.18 and Eqn 3.19. The local magnetisa-
tion behaviour across the thickness of the sample
has been marked by the white line in the cartoon
at right for T < Tc.
3.5.1.4 Discussion of Results
The data corresponding to ↑/↓ spin states were first fitted simultaneously using an optical
reflectivity model as described in Section 3.5.1.2. Considering the presence of no magnetisa-
tion in the sample, the model was first used to estimate different parameters corresponding
to the nuclear structure of the sample like thicknesses, interfacial roughnesses, number den-
sities and scattering length densities of different layers etc in the normal state at T ≥ Tc.
In order to find the magnetic information, the most simplest model was considered by as-
suming a uniform step magnetisation existing across the sample which is of different values
in different layers. This has been described as the Step Magnetisation Model (see Sec 3.5.1.3).
The magnetisation in the Fe layers were estimated ≈1.5T both in the normal and the super-
conducting states which stays almost constant with the change of temperature. Using the
Step Magnetisation Model, the normal state magnetisation in the Pb layer has been fitted to
be nearly zero and in the superconducting state a flat magnetisation of ∼ - 56(5) G has been
estimated which describes the data adequately well (see Figure 3.5.1(a)). This confirms the
existence of a diamagnetic superconducting state existing simultaneously in the presence of
a FM in the sample. However, a step magnetisation is a crude way of describe the magnetic
behaviour of a superconductor. For an applied field < Hc1 in the plane of the sample, a
superconducting material is expected to be in Meissner state and the flux density decays
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(a)
(b)
Figure 3.5.1: (a) Spin polarised reflectivity for a trilayered structure measured in the normal state at CRISP for an
in-plane applied field of 1000G. The reflectivity data have been fitted with two different magnetisation profiles
for comparison. The green line is the fit considering a Step Magnetic Profile in the Pb layer and the blue line is
the fit using a Notch magnetic profile. (b) Reflectivity for the same in the superconducting state measured at 2.5K.
The fits have been plotted considering a Meissner magnetic profile (green line) and Interface magnetic profile (blue
line) for comparison.
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exponentially from the surfaces in the London limit which can be expressed as,
M(x) = µ0H0
{Cosh(2x− dPb
2λs
)
Cosh
(
dPb
2λs
)
}
(3.17)
where dPb is the thickness of the Pb layer and H0 is the externally applied magnetic field.
In order to describe the nano scale magnetisation within the Pb layer with a magneti-
sation profile as described in eqn 3.17, the Pb layer has been considered as a sum of ‘N ’
numbers of slices of equal thickness and with zero interfacial roughness between two neigh-
bouring slices. The magnetisation varies uniformly across these slices and considering a
magnetic profile like this existing in the Meissner state (Meissner Magnetic Profile), the reflec-
tivities have been fitted to obtain a superconducting penetration depth (λs) ≈ 2400±90Å
within the Pb layer for T < Tc (see Figure 3.5.1(b)). The value of λs for pure Pb in thin film
structure is ≈ 760(60)Å which has been measured using the same approach described in
Sec 3.5.3, also reported earlier [64]. The increase in the λs in the presence of Fe indicates the
strong influence of the Fe exchange field on Pb superconductivity leading to enhanced pair
breaking and effective reduction of the superconducting correlation. The Meissner profile
of magnetisation provides an adequately well description to the data. However, the model
was improved further to include the magnetic interactions occurring at the F/S interfaces in
the form a finite Notch or potential step both in the normal and the superconducting states.
The Notch Profile has been described in Sec 3.5.1.3. In the normal state, the notch arises pos-
sibly as a result of the induced spin polarisation of the conduction electrons in the Pb layer
due to the presence of neighbouring F layers. The notch is a negative magnetisation step
existing over a finite width at the F/S interfaces. In the superconducting state, the notches
at both interfaces stayed almost with similar heights and widths at their normal state val-
ues. In the normal state, the quality of improvement in the fit can be seen as a result of
of the introduction of the notch profile form Figure 3.5.1(a)[Reflectivity] and Figure 3.5.2(a)
[Spin asymmetry]. In the superconducting state, similar comparisons can be made between
the Meissner Magnetic Profile (Green line) and the Interface Magnetic Profile (Blue Line) in Fig-
ure 3.5.1(b) [reflectivity] and Figure 3.5.2(b) [Spin Asymmetry]. Detailed description about the
Interface Magnetic Profile can be found in Sec 3.5.1.3.
The notch profile can be described by a negative magnetic region with a finite spatial
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(a)
(b)
Figure 3.5.2: (a) Spin asymmetry behaviour in the normal state of the trilayered sample measured in the normal
state for an applied field of 500G. The data was fitted using the Step magnetic profile(green line) and the Notch
magnetic profile (blue line) within the Pb layer. The Notch magnetic profile fitted the data better than the Step
magnetic profile in the normal state. (b) Spin asymmetry behaviour for the same in the superconducting state at
2.5K. The data was fitted with Meissner magnetic profile(green line) and the Interface magnetic profile (blue line)
existing in the Pb layer. The Interface magnetic profile fitted the better than the other magnetisation profile.
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Figure 3.5.3: Comparison of the spin asymmetry behaviour in the superconducting state of a trilayered sample
at 2.8K considering a Meissner magnetic profile in the Pb layer: Green line - Superconducting contribution from
only Pb component with a λs=780Å and (ii) a modified superconducting state with a λs=2400Å in the presence
of a ferromagnetic layer. This clearly explains the influence of the Fe layer on the superconducting state of Pb in
the form of an enhancement of λs, from the case when the Fe layer was absent.
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Figure 3.5.4: Comparison of the spin asymmetry behaviour measured in the normal (10K/red line) and in the
superconducting state (2.8K/green line) for a trilayered sample for an in-plane applied field of 1000G. The
evidence of the presence of a superconducting signal can be directly seen from the difference between the two
data sets which are very subtle and captured almost on the limit of experimental resolution.
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spread which can be best described by a magnetic profile across the thickness as,
M(x) =

Vi : T > TC (Notch Profile)
Vi + µ0H0
{Cosh(2x− dex
2λs
)
Cosh
(
dex
2λs
)
}
: T < TC (Interface Profile)
(3.18)
where dex = (dPb− t1− t2) and for the tri-layered structure, Vi has two components for both
interfaces described by,
Vi =
( Vleft = V1 : 0 ≤ x ≤ t1
Vright = V2 : (dPb − t2) ≤ x ≤ dPb
(3.19)
In the superconducting state, the notch profile and an additional contribution from the or-
bital screening currents (Meissner signal) within the superconductor can provide a better
description of the data and this combined profile is called as the Interface magnetic model (see
Sec 3.5.1.3). The magnetisation parameters obtained from the fit results has been recorded in
Table 3.3 which indicate that the notch heights are finite and measurable over a length scale
of ∼ 100Å. In the later Sections, we have measured similar effects for bilayered structures
at different fields which do not change with field or temperatures. This clearly indicates the
robustness of this induced spin polarisation effect in the Pb layer.
Table 3.3: Fit parameters for tri-layered structure
Temperature V1(G) t1(Å) V2(G) t2(Å)
T > Tc -340(99) 104(20.4) -22(2.6) 246.5(15.4)
T < Tc -358(91) 107(19.7) -36.6(9) 145.6(92)
This existence of a notch at the F/S interface indicates the influence of ferromagnetism in
the form of an induced magnetism in the non-magnetic layer in the normal state. Evidence
of this Fe induced spin polarisation in Pb has been experimentally measured in this system
(Fe/Pb/Fe) using LE-µSR technique in the form of a two component spin density wave
[65] in the normal state, which also survives in the superconducting state with similar wave
vectors. In the present case, the presence of notch has been found with values which also
remains independent of temperature which is not inconsistent with a SDW with a large λ.
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(a) (b)
Figure 3.5.5: (a) Depth dependent magnetic behaviour of a Fe/Pb/Fe trilayered structure, the red line indicates
the magnetic potential across different layers obtained using a Notch Magnetic Profile and (b) Comparison of
the magnetisation behaviour using two different magnetisation profiles, The green line represents the uniform
diamagnetic response measured using a Notch+Step Magnetic Profile and the red curve is the magnetic profile
calculated using a Interface Magnetic Profile present in the Pb layer. Both of these profiles fit the data equally
well, however, the red line is a more realistic description compared to the red line.
The depth dependent magnetic profile in the two states have been plotted in Figure 3.5.5.
The evidence of the magnetic notch has been illustrated in Figure 3.5.5(a) in the normal state
in the Pb layer existing near the F/S interface. The magnetic profile in the superconduct-
ing state of Pb has been shown in Figure 3.5.5(b) and comparison has been made between
the Interface Magnetic Profile and Notch+Step Magnetic Profile. In the superconducting state,
the ‘red’ line represents the magnetisation profile corresponding to the Notch+Step Magnetic
Profile, while the ‘green’ line is the magnetisation behaviour considering a Interface Magnetic
Profile.
3.5.2 Bi-layered Structure - Fe/Pb
In the trilayered structure the spin asymmetry was mostly dominated by the presence of Fe
layers which makes it hard to resolve any signal arising due to the superconducting part.
The spin asymmetry is a measure of the spin splittings and is proportional to the magnetic
contributions to the spin dependent reflectivities. However, the presence of Fe is necessary
to observe any coupling effects. Using an effective approach to improve this situation, we
proposed to see the evidence of the same effects in a bilayered structure, where the essential
nature of the coupling is expected to remain the same and on the positive side, because of
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the reduction of the amount of Fe in the structure, the superconducting signal ought to have
a significant contribution which should be realised in the spin asymmetry profile. Another
reason for using the bilayered structure is to reduce the effect of interfacial roughness. In
general, growing a uniform Pb layer is difficult as at an elevated temperature as the growth
rate of Pb increases significantly in this region. This adds additional roughness to the Fe
layer grown on top of the Pb layer in a multilayered structure.
For a trilayered structure this is unavoidable as the top Fe layer has to be grown on top
of the Pb layer which means an existing uneven surface can create additional magnetic in-
homogeneity to the structure. This is in particular a problem for ferromagnetic layers as
this might create significant amount of dipolar field at the F/S interfaces which is of simi-
lar order of magnitudes to the superconducting contributions in those areas. For the case
of a F/S heterostructure, the quality of interface is also crucial as most of the novel effects
are expected to have stronger influences in the vicinities of the F/S interfaces. The effect
of roughness can be minimised to improve the interface quality in the case of a bilayered
structure by growing the S layer on top of the F surface. In our case, this effect of roughness
in the bilayered structure was even reduced by putting an additional buffer Mo layer on top
of the Si substrate before growing any layers to reduce contributions of any surface inhomo-
geneities coming from the substrate. The bilayered structure with a single F/S interface is
the most simplest and ideal structure for observing any kind of F/S coupling effects present
in the sample. We wanted to observe the systematic variations of the λs with the Fe layer
thickness considering a Mesoscopic ground state existing in the system and the possible
behaviour of the notch in this case.
3.5.2.1 Experimental
The measurements were performed at the CRISP and PolRef reflectometers at ISIS. The ex-
perimental geometry and sample environment in CRISP was similar to what has been de-
scribed in Sec 3.5.1.1. The PolRef instrument located at TS-II can provide a typical wave-
length range ∼ 0.9-15Å and the instrumental resolution could be varied between the range
3-10%. The sample environment is fitted with an Oxford Instrument continuous flow cryo-
stat with a a base temperature of operation ≈ 2K. The magnetic field was provided using a
high field superconducting vector magnet with maximum available field ∼ 2T × 2T × 2T .
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(a) (b)
Figure 3.5.6: Data and fit to the correction parameters for reflectivity as described in Eqn 3.21, In Figure (a) α(q)
(b) β(q) as a function of q. The ‘red’ are the data points and ‘green’ line is the fit using an spline function.
3.5.2.2 Data Corrections
In the case of a spin polarised neutron reflectivity experiment, the spin polarization of in-
coming neutrons are expected to be 100% which means that the incoming beam is either
polarised in the ↑ or ↓ states in the ideal condition. However, in real experimental situa-
tions, it’s difficult to achieve perfectly spin polarised neutron beam and any kind of spin
polarised neutron beam contains a fraction of the other spin polarised component. In the
CRISP reflectometer located at TS-I, ISIS the ratio of ↑ / ↓ is ∼ 17:1 which means that nearly
5% contamination is present in both of the spin polarised beams. However, in the Pol-
Ref instrument, additional depolarisation effect arises in the presence of fringing flux lines
originating from the superconducting vector magnet placed around the sample chamber.
Because of the larger size of the magnet, the fringing fields stay over a finite region around
the sample chamber which depolarises a significant fraction of the incoming neutrons. In
the case of PolRef, this ratio of ↑ / ↓ spin states is ∼3:1 which means that the measured re-
flectivity data corresponding to each of the spin states included a 25% contribution from the
other spin state. In order to eliminate the other spin contribution, the data can be corrected
in the following way.
Considering u and d are the reflectivities corresponding to 100% ‘up’ and ‘down’ spin
states in the ideal (uncontaminated) condition, the observed (contaminated by other spin
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(a) (b)
Figure 3.5.7: (a) Reflectivity data for Fe15Å/Pb2000Å sample at 10K measured at PolRef for an in-plane applied
field of 1000G.. The legend in the inset describes different data sets before and after corrections. (b) Asymmetry
behaviour for the same, the blue line is the original uncorrected asymmetry and green line is the data after
correction. The red line is the ‘ideal’ data measured on the same sample under almost identical conditions.
state) reflectivities can be expressed in terms of their uncontaminated spin states by,
u′ = αu+ βd (3.20)
d′ = αd+ βu (3.21)
which can be expressed in the form of a matrix equation as,(
u′
d′
)
=
[
α(q) β(q)
β(q) α(q)
](
u
d
)
(3.22)
where the matrix elements α and β are the fractions of reflectivities from different spin states.
In the ideal case of 100% spin polarization, Eqn 3.22 will take the form,(
u′
d′
)
=
[
1 0
0 1
](
u
d
)
(3.23)
Eqn 3.23 can be rewritten as,
(
u
d
)
=
[
α(q) β(q)
β(q) α(q)
]−1(
u′
d′
)
(3.24)
72
CHAPTER III POLARISED NEUTRON REFLECTIVITY (PNR) MEASUREMENTS
and modified to, (
u
d
)
=
1
(α2 − β2)
[
α(q) −β(q)
−β(q) α(q)
](
u′
d′
)
(3.25)
α and β can be experimentally measured from the reflectivity pattern obtained using a su-
permirror. A supermirror acts like a perfect polariser, so the final reflectivity should only
contain contributions from one specific spin state. However, there is no direct way of find-
ing an analytic function to fit the behaviour of α and β. In the present case, the values of α
and β were obtained by comparing the ideal and contaminated data sets. We measured the
same sample almost under identical experimental conditions in CRISP and PolRef. Consid-
ering the CRISP data as ideal (uncontaminated), the values of α and β could be obtained
from Eqn 3.25. The data were fitted using a spline function subject to the constraint that for
q < qc, α=1 and β=0. By fixing a few points on the data sets, the data was fitted which was
plotted in Figure 3.5.6. The data correction is necessary as the spin contamination masks
some of the subtle features of the spin asymmetry which can be over/underestimated in fit-
ting the uncorrected data. In Figure 3.5.7(a), the corrected and uncorrected reflectivity have
been plotted simultaneously for dFe=15Å sample measured in the normal state. The spin
asymmetry behaviour corresponding to the same have been plotted in Figure 3.5.7(b). The
‘red’ curve is the spin asymmetry measured in the ideal conditions at CRISP for both tem-
peratures. It is to be noticed that the corrections do not introduce any additional artificial
features in the data, rather in only scales up the level of reflectivity/asymmetry towards to
ideal case.
3.5.2.3 Data Analysis
The data analysis was carried out following the same optical reflectivity model [96] and
depth dependent magnetisation profile as described in Sec 3.5.1.2.
3.5.2.4 Discussion of Results
In the normal state, the data was fitted to obtain the information regarding the nuclear struc-
ture like thickness of individual layers, roughness, number densities and scattering lengths
etc. The fitted parameters have been listed in Table 3.4. The number densities and scatter-
ing length densities were kept fixed at their theoretical values. The magnetisation of the Fe
layer has been measured ∼1.56T which stays almost constant independent of the change of
temperature. The magnetic behaviour in the normal state was best described by the notch
profile. A comparison between the reflectivity profile obtained using the Step Magnetisa-
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(a)
(b)
Figure 3.5.8: (a) Spin polarised reflectivity for a bilayered (Fe15Å/Pb2000Å) structure measured in the normal
state at CRISP for an in-plane applied field of 500G. The reflectivity data have been fitted with two different
magnetisation profiles for comparison. The green line is the fit considering a Step Magnetic Profile in the Pb layer
and the blue line is the fit using a Notch magnetic profile. (b) Reflectivity for the same in the superconducting state
measured at 2.5K. The fits have been plotted considering a Meissner magnetic profile (green line) and Interface
magnetic profile (blue line) for comparison.
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Figure 3.5.9: Spin asymmetry behaviour in the normal state of the bilayered Fe15Å/Pb2000Å sample measured
in the normal state for an applied field of 500G. The data was fitted using the Step magnetic profile(green line)
and the Notch magnetic profile (blue line) within the Pb layer. The Notch magnetic profile fitted the data better than
the Step magnetic profile in the normal state.
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Figure 3.5.10: Spin asymmetry behaviour of the bilayered sample Fe15Å/Pb2000Å in the superconducting
state for an in-plane applied field of 500G. The data was fitted with Meissner magnetic profile(green line) and the
Interface magnetic profile (blue line) existing in the Pb layer. The Interface magnetic profile fitted the better than the
other magnetisation profile.
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tion Profile and the Notch profile for 15Å thick Fe layered sample can be seen from Fig-
ure 3.5.8(a). The comparison between the spin asymmetry obtained using the two different
profiles has been illustrated in Figure 3.5.9. The ‘blue’ line representing the notch profile
provides a better fit of the spin asymmetry at higher q values. The fit parameters obtained
using notch profile has been listed in Table 3.5.
Table 3.4: Fit parameters of the nuclear structure obtained from the normal state data
Sample Instrument Layer Thickness
Measured Name (di/Å)
Si/Mo(B)/Fe15/Pb/Mo(C) CRISP Mo(Buffer) 52(4)
Fe 14.8(0.6)
Pb 2067(16)
Mo (Cap) 74(5)
Si/Mo(B)/Fe30/Pb/Mo(C) CRISP Mo(Buffer) 48(10)
Fe 31.2(0.9)
Pb 2082(18)
Mo (Cap) 67(6)
Si/Mo(B)/Fe15/Pb/Mo(C) PolRef Mo(Buffer) 55(6)
Fe 2045(21)
Pb 15.3(0.6)
Mo (Cap) 55(6)
The magnetic behaviour in the superconducting state of the sample with 15Å thick Fe
layer measured at 500G was first fitted with the Meissner magnetisation profile in the Pb
layer to estimate λs. This magnetic profile fits the data nicely. However, this model didn’t
manage to fit all the tiny features of the reflectivity (green line in Figure 3.5.8(b)) and spin
asymmetry profile (blue line in Figure 3.5.10) completely. In order to improve the qual-
ity of fit and understand the detailed nanoscale behaviour of the magnetisation across the
thickness of the sample, the interface magnetisation profile (as described in Eqn 3.18 and
Eqn 3.19) has been used to fit the data similar to a way as described in the trilayered case.
The values of notches estimated from the fits have been listed in Table 3.5.
In Figure 3.5.8, the spin polarised reflectivities for 15Å thick Fe layer were plotted for
different spin states measured at different temperatures. The data was fitted with two dif-
ferent models marked in ‘green’ and ‘blue’. The qualitative differences between the two
models can be seen from the spin asymmetry behaviour in Figure 3.5.9 and Figure 3.5.10. In
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(a) (b)
Figure 3.5.11: (a) Spin Asymmetry behaviour for the Fe30Å/Pb2000Å sample in the normal state measured
at CRISP for an in-plane applied field of 500G. The fits have been made considering a Step Magnetic Profile
(green line) and a Notch magnetic profile (blue line) in the Pb layer. (b) Spin asymmetry for the same in the
superconducting state using a Meissner Magnetic Profile (green line) and a Interface magnetic profile (blue line) in
the Pb layer.
the normal state, differences between the two models could be seen visually in the high q re-
gion, where the ‘blue’ line describes the data better than the ‘green’ line. In Figure 3.5.10, the
spin asymmetry in the superconducting state has been plotted with fits using two different
models. The differences between the two models can be clearly seen with eyes in this case.
In the superconducting state at H < Hc1, the total magnetisation in the Pb layer can thus be
best described by the interface profile. The value of λs obtained in this case is 1277±69Å.
Similar approach has been followed while fitting the data for dFe=30Å. However, the
overall interfacial roughness on this sample is substantially larger than the dFe=15Å sample.
The spin asymmetry profile both in the normal and superconducting states saturates at a
higher value as described in Figure 3.5.11 compared to the dFe=15Å sample, indicating the
presence of larger content of Fe in the film. The magnetisation profile in the normal state
can be best fitted with the notch profile. In the superconducting state, using a magnetisation
behaviour as described by the interface magnetisation profile in Sec 3.5.1.3 provides a better fit
to the data. The value of λs obtained in this case is 2427±132Å.
The measurements taken in the PolRef instrument on dFe=15Å sample for an in-plane
applied field of 1kG has been compared with the data taken at 500G on the same sample at
CRISP in order to characterise the field dependence of the penetration depth and the notch
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(a)
(b)
Figure 3.5.12: (a) Spin polarised reflectivity for a bilayered (Fe15Å/Pb2000Å) structure measured in the normal
state at PolRef for an in-plane applied field of 1000G. The reflectivity data have been fitted with two different
magnetisation profiles for comparison. The green line is the fit considering a Step Magnetic Profile in the Pb layer
and the blue line is the fit using a Notch magnetic profile. (b) Reflectivity for the same in the superconducting state
measured at 2.5K. The fits have been plotted considering a Meissner magnetic profile (green line) and Interface
magnetic profile (blue line) for comparison.
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(a)
(b)
Figure 3.5.13: (a) Spin asymmetry behaviour of a bilayered (Fe15Å/Pb2000Å) structure measured in the normal
state at PolRef for an in-plane applied field of 1000G. The green line is the fit using a Step magnetic profile and the
blue line is the fit using Notch magnetic profile. (b) Spin asymmetry for the same measured in the superconducting
state. The green line is the fit using a Meissner magnetic profile and the blue line is the fit using Interface magnetic
profile. Clearly the improvement in the fit using the Interface magnetic profile can be seen from the fits.
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magnetic profile. Due to the spin contamination, the data was first corrected using the ap-
proach described in Sec 3.5.2.2. In the normal state, the data was best fitted using the notch
magnetic profile while in the superconducting state using the Interface magnetisation pro-
file. The step heights and other fit parameters have been listed in Table 3.5. In Figure 3.5.12
the spin polarised reflectivities in the normal and superconducting states have been plotted.
The interface model (blue line) provides a better fit to the data in the superconducting state
which is also evident from the spin asymmetry behaviour illustrated in Figure 3.5.13.
Table 3.5: Fit parameters for Bi-layered structure
Sample Temperature V1(∆V1) t1(∆t1)
(Gauss) (Å)
dCRISPFe =15Å T > Tc -339(58) 137(19)
T < Tc -378(76) 119(14)
dPolRefFe =15Å T > Tc -403(113) 93(11)
T < Tc -472(135) 124(23)
dCRISPFe =30Å T > Tc -235(71) 99(16)
T < Tc -267(64) 168(35)
3.5.3 Pb only Sample
Considering the coupling phenomenon occurring at the F/S interface in the case of a Fe/Pb
multilayered structure, it is necessary to obtain detailed magnetic and structural information
of a Pb only sample for systematic investigation of any effects. Although polarised neutron
reflectivity measurements on a Pb only sample was done earlier, it is always necessary to
confirm the reproducibility of the same for the present case as growth conditions and inter-
facial roughness might influence some properties. This is also important to find information
regarding the robustness of superconducting state in the absence of a F layer.
3.5.3.1 Experimental
The experiments were performed at the PolRef instrument located at TS-II, ISIS. The tem-
perature of operation was 2-10K and an in-plane magnetic field ∼ 1kG was applied for
measurement in the normal and the superconducting states.
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(a) (b)
Figure 3.5.14: (a) Spin asymmetry measured for a pure Pb film at 2.5K for an in-plane applied field of 1000G. The
red line is the experimentally collected data and the green line represents the data after applying corrections
(as described in Sec 3.5.2.2). After applying corrections, the overall scale of reflectivity increases which can be
seen from the asymmetry behaviour before and after correction. (b) Spin polarised reflectivity data for the same
measured at 2.5K in the superconducting state before and after corrections. The data corresponding to the up
and down spin states are represented by the red and blue lines and the fits by green and black lines respectively.
3.5.3.2 Data Corrections
The data corrections were done in the same way as described in Sec 3.5.2.2. In Figure 3.5.14(b),
the corrected and uncorrected reflectivity data for ↑ / ↓ states measured at 2.5K was plot-
ted and Figure 3.5.14(a) describes the asymmetry before and after corrections. It can be
seen from Figure 3.5.14(a) that the overall scale of spin asymmetry has been significantly
increased after corrections.
3.5.3.3 Data Analysis
The corrected data was analyzed using the same optical reflectivity model [96] as described
in Sec 3.5.1.2. In the superconducting state, a diamagnetic signal has been measured in the
Meissner state. Considering a depth dependent slice profile the magnetisation was fitted
using Eqn 3.17 to obtain λs.
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(a) (b)
Figure 3.5.15: (a) Spin Polarised Reflectivity behaviour of a pure Pb film in the superconducting state (2.5K)
for an in-plane applied field of 500G. The points in red and blue are the experimental data points and green,
black lines are the respective fits to them considering the sample is in a Meissner phase. (b) Spin asymmetry
behaviour for the same at 2.5K. The red points are the experimental data and the green line is the fit. The
spin asymmetry arises for a pure superconducting sample from the magnetic contributions coming from the
diamagnetic screening in a Meissner state.
Table 3.6: Fit parameters of the nuclear structure of Pb
Sample Instrument Layer Thickness
(di/Å)
Si/Pb/Mo/Air CRISP Pb 1941(6.8)
Mo 75(7)
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3.5.3.4 Discussion of Results
In the normal state, fitting the reflectivity data provided information regarding the thick-
ness, roughness and scattering lengths of different layers. As the presence of the Pb layer is
mostly dominant in the system, so primary oscillations in the reflectivity (Figure 3.5.15(a)),
corresponds to the thickness of the Pb layer. The sharp fall of the reflectivity with increasing
q indicates the presence of significant interfacial roughness in the film. In the absence of a Mo
buffer layer, the roughness on the Si substrate contributes an extra inhomogeneity to the Pb
growth pattern. This is in addition to the intrinsic roughness associated with the Pb growth
rate at higher temperatures. However, in the present case this effect didn’t make any dras-
tic influences on our observations as we were mostly interested in detecting a diamagnetic
signal in the superconducting state to obtain λs. In the absence of any ferromagnetic layer
in the structure, the spin asymmetry in the normal state is almost negligible. The existence
of a diamagnetic signal at T < Tc was clearly evident from the spin asymmetry behaviour
measured in the superconducting state with clear oscillations which has been illustrated in
Figure 3.5.15(b). Considering the dominant magnetic contribution in the superconducting
state is arising due the Meissner expulsion of external magnetic flux, the magnetisation has
been described by eqn 3.17 (Meissner Magnetic Profile). The value of λs has been found ≈
760(90)Å, in agreement with the value measured earlier [64].
3.5.4 Concluding Remarks
In this work, the coupling effects between superconductivity and ferromagnetism have been
investigated through the search of different kinds of nano scale magnetic interactions probed
using microscopic characterisation techniques in thin film multilayered architecture. The
technique of spin polarised neutron reflectivity has been used for characterising the mag-
netic behaviour of these samples. The depth dependent magnetisation profile has been
simulated and fitted to the data in order to look for evidences of novel and exotic coupling
effects between the two order parameters. In order to understand the coupling effects in a
F/S structure, we realised that majority of the novel coupling phenomenon occur exclusively
near or at the F/S interface. This has made the quality of the interfaces in these samples ex-
tremely important for experimentally realising these effects. The major drawback against
getting a sharp and smooth interface is controlling the growth rate of Pb, as at an elevated
temperature Pb grows with a fast rate adding significant roughness intrinsic to the material
which is hard to control mostly for growing a layer of 200nm thickness. Also Pb is highly
susceptible to oxidation, so the quality of the interfaces also degrade with time in the pres-
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(a) (b)
Figure 3.5.16: (a) Superconducting penetration depth (λs) as a function of the Fe layer thickness (dFe) as es-
timated by fitting the PNR data using the Meissner magnetic profile in the superconducting state. The values
of λs obtained from different measurements have been combined for comparison between the bilayered and
trilayered structures. Details about the data points can be found in the plot. (b) Superconducting transition tem-
perature (Tc) as a function of Fe layer thickness (dFe) as estimated from the bulk magnetisation measurements
described in Sec 3.4.1.1.
ence of air and moisture. Measuring the same sample in the freshly grown condition and
after two years demonstrates significant decrease in the interface quality and signature of
any kinds of coupling effects is highly reduced. For our case, the growth rate of Pb has been
calibrated using neutrons. The calibration samples provide an almost accurate estimation
of the growth rates of different elements and all other layers were grown at a later stage
following that.
In a F/S heterostructure, F layer being magnetically stronger provides an exchange field
large enough to suppress the superconducting order relatively. In this case, the same has
been realised for Fe/Pb multilayered structure. The addition of a very little amount of Fe
has a very strong influence on the superconducting properties of Pb which is evident from
the enhancement of λs with an increase in the Fe layer thickness. In Figure 3.5.16(a), λs has
been plotted as function of the Fe layer thickness. The behaviour of λs can be described
empirically by, λs = λ0/(1 − δ ∗ dFe). The sharp rise in λs with Fe thickness indicates the
strong influence of the ferromagnetism on the orbital response of the superconductor. This is
also to be noted that this effect scales with the total volume of the Fe present in the structure.
The value of λs for a bilayered sample of dFe=30Å is the same for a trilayered sample with
two Fe layers each of 15Å thickness. This might be the case that a certain critical thickness
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of Fe can completely suppress the superconductivity in the Pb layer in a Fe/Pb structure.
Another crucial parameter for the present case is the thickness of Pb layer. A thickness of
2000Å is the optimum limit to observe any kind of coupling effects in a Fe/Pb heterostruc-
ture. For any thickness above 2000Å, one has to struggle to resolve the effects in the extreme
limit of spatial experimental resolution in a neutron reflectivity experiment. With a thickness
dPb  2000Å , the size of Meissner expulsion in the superconducting state will be very small
to detect experimentally. We measured with a film with a Pb thickness of 1000Å, where we
didn’t manage to see any superconducting signal.
The influence of Ferromagnetism on superconductivity has been realised in the present
case both in the bilayered and trilayered Fe/Pb heterostructures. In all the systems, the de-
crease of Tc with an increase in the Fe layer thickness has been illustrated in Figure 3.5.16(b)
indicate a strong signature of proximity effect in this system. Comparing the change and
size of λs for bilayered and trilayered systems, it can be confirmed that the majority of ferro-
magnetic influences on the superconductivity of Pb is proportional to the total volume of Fe
in the system. The fact that λs ∼ dPb indicates the presence of a mesoscopic ground state in
the system. The existence of an inverted magnetic region at the Fe/Pb interface is believed to
be never been reported earlier in this system. The height and spatial extent of this region re-
mains almost constant with a change of temperature indicates a strong normal-ferromagnet
polarisation persisting also in the superconducting state. However, to understand the exact
origin of the magnetic region theoretical justifications are needed. The use of neutrons has
been proven to be extremely effective for probing these effects at such length scales. The
Fe/Pb system is one of most ideal systems for observing any such kinds of coupling effects.
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4.1 Introduction
Superconducting spin valve structures are of specific interest for studying superconducting-
magnetic coupling effects at reduced dimensions. A spin valve is a multilayered structure
where two F layers with different magnetic coercivities (or thicknesses) are placed on both
sides of a non-magnetic layer. Due to the different magnetic natures of the two F layers,
their switching occur at different values of the applied magnetic fields. Thus it is possible to
switch the resistivity of the complete structure between two saturation values by changing
the mutual magnetic alignment between the two F layers. In order to control the magnetic
state of one FM block with respect to the other, magnetic moments in one of the two F blocks
needs to be fixed in some way. This is done by way of using an AFM layer placing next to the
bottom F layer (close to the substrate), which acts as a pinning layer to fix the magnetisation
direction of the adjacent F layer. Thus by applying a moderate magnetic field (lower than the
saturation field of that specific layer), the magnetic state of the spin valve structure could
be controlled to use it as a magnetic switch where the free (top) magnetic layer acts as a
magnetic filter. These are of huge applications in GMR devices like read heads in magnetic
hard discs etc. in modern technological applications.
In the case of a superconducting spin valve structure, the spacer layer between the two F
layers is replaced by a thin superconducting layer (S). The magnetic state of the F/S/F struc-
ture can be controlled in a similar way by applying an external magnetic field lower than
the critical field (Hc) of the superconductor. The saturation states in this case are marked
by zero (in the superconducting state) and a finite resistance state or by a change of Tc (be-
tween two finite values). The mutual orientations of the F layers could be switched between
parallel (P) and anti-parallel (AP) states and for the weak ferromagnetic case (Eex << EF ),
the superconducting transition temperature (Tc) is different in the two cases on account of
the difference in the Cooper pair breaking. In the P state, density of the Cooper pairs de-
creases near one of the two interfaces as the exchange field of the F sides favours one of
the two spin states of the Cooper pairs while the other spin state finds it energetically un-
favourable to survive (see ↓ spin state in Figure 4.1.1(b) [top]). In the AP state considering
the s-wave nature of the coupling, the ground state favours the antiparallel spin alignment
of the Cooper pairs leading to an enhanced Tc due to a rise of the pair electron density in
this case. It is to be noted that the change of Tc between the two states, ∆Tc = TAPc − TPc
depends also on the interface transparency and the exchange potential of the F sides. This
effect is prominent when the S layer thickness ds ∼ ξs, then the magnetic states of the F
sides can directly couple through the order parameter of the S state and this influences the
magnetic behaviour of the S layer. It is possible to completely destroy the superconducting
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(a) (b)
Figure 4.1.1: (a) Nb/Py/Nb/Py spin valve structures, the arrows in red indicate the directions of in-plane mag-
netisation in Py layers. The numbers in the (...) brackets correspond to the thicknesses of respective layers, (b)
A cartoon describing the position dependent magnetisation behaviour of a superconducting spin valve struc-
ture considering the s-wave nature of superconducting pair coupling and negligible presence of dipolar fields,
The black coloured arrows are the directions of spin polarisation in the FM layers while the dotted lines in red
indicate the local magnetisation behaviour originating from the F blocks across the thickness of the sample.
order in the parallel configuration by increasing the thicknesses of the F layers, while a finite
Tc can still be observed in the AP state. In the AP state, the formation of domains is more
favourable which can induce more and more dipolar fields inside the S layer which reduces
the Tc even lower. A cartoon describing this effect has been plotted in Figure 4.1.1(b) and an
approximated local magnetisation profile arising from the F blocks has been plotted in the
dotted red lines. For the P case, magnetisation from both F/S interfaces are expected to de-
crease monotonically towards the centre of the S layer while for the AP state, magnetisation
from the left interface decays smoothly across the thickness and the change of slope occurs
near the centre of the S layer due to the magnetic contribution from other F layer.
Theoretically superconducting spin valve effect was first predicted by L. R. Tagoriv [97]
and A. I. Buzdin et. al [98] that in the low field limit, a superconductor/ferromagnetic mul-
tilayered structure can act as a spin switch on application of a magnetic field or rotation of
the direction of the magnetisation of the top F layer, similar to a conventional spin valve
device [99]. The first experimental observation was made by Gu et. al [100] in the case of
a Nb layer sandwiched between two weakly ferromagnetic CuNi alloy layers and later in
[79, 101]. The superconducting spin valve structures consisting Nb have been investigated
in bilayered and trilayered structures for the cases of strong ferromagnets like Ni [102], Co
[103], Permalloy (Ni0.8Fe0.2) [102, 22, 104, 105, 106, 107, 108, 109], Co/Fe sandwich [110] and
in the case of weak ferromagnets like Pd81Ni19[108, 111, 112].
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However, the magnetic nature of these spin valve systems containing Nb as the S layer
are not the same in all these cases. In some of these systems, an antiferromagnetic Fe0.5Mn0.5
layer was used to pin the magnetisation direction of one of the F layers to control the switch-
ing behaviour of the other F layer [100, 79, 101, 102, 109] while in other cases, the switching
behaviour have been realised by use of F layers with different thicknesses and corecive fields
[104, 105, 110]. The observations with a pinning layer suggests that TAPc > TPc while in the
absence of a pinning layer reverse scenario was observed TAPc < TPc . This makes it clear
that the presence of the pinning layer provides a magnetically different environment to the
Cooper pairs in these structures. The effect of magnetic inhomogeneities arising from the
presence of ferromagnetic domain walls and stray fields are masked by the pinning mag-
netic layer which reduces the pair breaking in an AP configuration. The superconducting
spin valve effect has also been observed in a completely different kind of S/F/N/F structure
consisting of Fe as F and Pb as S layer [113]. The introduction of a N spacer between the two
F layers allows the pair wave function to couple through the two N layers and the Tc can
be controlled via changing the relative magnetic orientations of the F blocks from parallel to
antiparallel configurations. A detailed description of the proximity effect and spin switching
behaviour for different spin valve structures with Nb as the S layer in the weak and strong
ferromagnetic cases can be found elsewhere [23].
4.2 Motivation
Investigation of the switching and magnetic behaviour of superconducting spin valve de-
vices have been studied most commonly by using transport and SQUID magnetometry
techniques. These techniques are useful for measuring the macroscopic response (bulk be-
haviour) of these systems. However, theoretically S/F multilayers are described as an ideal
play ground for realising exotic coupling effects and novel ground states. In the recent times,
experimental evidence of some of these were found in the form of (a) Inverse Proximity
Effect [26], (b) Odd frequency Spin triplet pairing [25, 28] and (c) Long range proximity ef-
fect [31, 32] in nano-scale heterostructures. The superconducting spin valve structures also
have the potential of demonstrating some of these exotic effects near the vicinity of the F/S
interfaces. However, it is hard to detect the signatures of these effects using macroscopic
measurement techniques as the length scales involved behind these phenomenon are much
smaller that the experimental resolution of these techniques. For this purpose, we used mi-
croscopic characterisation techniques like LE-µSR technique to investigate the nano-scale
magnetic behaviour and the nature of the ground state of such systems. In the case of a
superconducting spin valve, the thickness of the S layer is almost comparable to the spatial
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size of a Cooper pair (∼ ξs), making this system even more interesting for investigating the
influences of the spin polarized F electrons on the Cooper pairs in different areas across the
thickness of the sample.
In the present work, the superconducting spin valve device has the following structure
Si(substrate)/Py(50nm)/Nb(50nm)/Py(20nm)/Nb(2nm). This specific architecture fits very
well to the requirements of a LE-µSR experiment and Nb is superconducting in thin film
geometry with a transition temperature of 7.2K. Evidence of superconducting spin valve
effects have been measured earlier [22, 104] in this structure. We used the technique of LE-
µSR technique to find evidence of any kind of superconducting-magnetic coupling effects
and the nature of the ground state by studying the depth dependent magnetic behaviour
across the thickness of this structure.
4.3 Sample Details
The samples were grown at the research facility located within the Kamerlingh Onnes Lab-
oratory, Leiden Institute of Physics at the University of Leiden, Netherlands. Details of the
sputtering process has been described in Chapter III. In the present case, the growth was
carried out by using DC magnetron sputtering technique in an UHV environment. These
superconducting spin valve structures were made of ferromagnetic Permalloy (a Nickel-
Iron allow - Ni0.8Fe0.2) and Nb as the superconducting layer. The Nb layer was sandwiched
between two Py layers of different thicknesses in the actual device structure. Py is a soft
ferromagnet with low in-plane saturation field making it an ideal system for observing the
magnetic switching behaviour in the low magnetic field region where the superconductor is
expected to be in the Meissner state.
The samples were grown on 1cm×1cm sized Si {100} substrates which were cleaned
prior to starting any deposition. The Permalloy layers were grown in a specially designed
magnetic sample holder to provide an homogenous in-plane magnetic environment during
the growth process. This is to set the growth direction and the magnetic easy axis to improve
the switching behaviour of the Py layers. A thin Nb layer (2nm) was used as a capping layer
on top of the spin valve structure to protect the top F layer from oxidation. The growth
parameters were listed in Table 4.1 [23]
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Table 4.1: Growth Parameters for Py/Nb/Py/Nb thin films
Target Ar Pressure Growth Rate
(µbar) (Å/s)
Nb 4.0 1.2
Py 2.5 0.2
4.4 Bulk Characterizations
The bulk characterisations were performed using the in-house facilities within the School of
Physics and Astronomy at the University of St. Andrews.
4.4.1 Magnetisation Measurements
The magnetisation measurements were taken using a 5T MPMS SQUID with a base temper-
ature of operation at 1.8K. The hysteresis behaviour in the normal state was measured for
an in-plane applied field at 15K as illustrated in Figure 4.4.1(a). The small volume of the FM
material in the structure accounts for slim nature of the loop. The spin valve behaviour of
the structure can be confirmed from the regions marked by the blue circles in Figure 4.4.1(a).
These regions have been zoomed in Figure 4.4.1(b). The switching behaviour of the two F
blocks can be deduced from the forward branch of the magnetisation curve in part (a) of
Figure 4.4.1(b). The arrows marked the field values at which switching occurs. The thin Py
layer switches first and the thick layer switches at a higher field. Similar switching occur
in the reverse direction of the hysteresis loop as shown in the inset of Figure 4.4.1(b). On
cooling below the superconducting transition temperature (Tc), a superconducting signal
can be detected in the sample in the form of a change of slope of magnetisation at higher
fields where the diamagnetic contribution (M = −µ0H) from the Nb layer is significant at
higher fields, although the spin valve behaviour is still present which can be seen in Fig-
ure 4.4.2(a). The superconducting nature of the sample can also be confirmed from the tem-
perature dependence of the magnetisation measured in the ZFC and FC states of the sample
for an in-plane applied field of 100G in Figure 4.4.2(b). A clear difference between the two
branches of the magnetisation curves (ZFC and FC) indicates a strong presence of bulk su-
perconductivity in the sample and in both these cases magnetisation go through a sharp
superconducting transition at around 7K (Tc for pure Nb is 7.2K) indicating good quality of
the film (Figure 4.4.2(b)).
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(a) (b)
Figure 4.4.1: (a) Magnetic hysteresis behaviour of Py/Nb/Py trilayered structure in the normal state measured
at 10K for an external in-plane applied field, the blue circles marked the regions over which magnetic switching
occurs, (b) The switching behaviour of F layers can be seen from the Zoomed version of the blue circled regions.
The green arrows indicate the direction of measurement and the purple arrows indicate the switching fields.
Switching behaviour observed in region(a) has been shown in the top o the figure and region(b) in the inset.
(a) (b)
Figure 4.4.2: (a) Magnetic hysteresis behaviour of a Py/Nb/Py sample measured in the superconducting state
(3K) for an in-plane external applied magnetic field. (b) Temperature dependence of the magnetisation in the
ZFC and FC states measured under an in-plane applied field of 100G.
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4.4.2 Surface Microscopy Measurements
4.4.2.1 Experimental
The surface microscopy measurements were taken using a Vecco NanoScope Scanning Probe
Microscope at the Centre for Mesoscience and Nanotechnology at the University of Manch-
ester. The measurements were performed in the amplitude feedback mode with a drive
frequency of ∼ 80kHz. The scans were taken typically over a 40µm×40µm area with a scan
rate of ∼ 40µm/s. The tip can detect surface information over a range of 2.5µm.
4.4.2.2 Results
The surface microscopy data have been plotted in Figure 4.4.3 and Figure 4.4.4. In Fig-
ure 4.4.3(a), the AFM topography of the sample describes minimal effect of overall rough-
ness in the structure. The line plot in Figure 4.4.3(b) describes the variation of the roughness
across a specific scan direction. The maximum roughness observed is ∼ 2Å which can be
accounted for the growth inhomogeneities associated with this structure. The surface mag-
netic structure of the same has been plotted in Figure 4.4.4(a). The weak inhomogeneity
of the magnetic flux structure indicates the presence of domain boundaries, although none
of them are quite strong. Magnetic domains can arise in the case of an unsaturated state
of the ferromagnet which accounts for the weak magnetic inhomogeneities observed like
randomised moments in the plane of the film giving rise to surface states detected in this
case. The line plot across a specific line of scan has been illustrated in Figure 4.4.4(b), which
quantifies the height of maximum inhomogeneity. It is to be noted that the line plot in Fig-
ure 4.4.4(b) did not show any sharp contrast across the the scan direction. In the presence
of a significant magnetic domain structure, the contrast is more prominent across a domain
boundary which is not the situation in the present case. It is to be noted that these samples
were grown in the presence of an external magnetic field to control the growth direction
and minimising the presence of the domain states. However, the sample measured in the
present case was not saturated before the measurement which might account for the weak
magnetic modulations observed.
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(a) (b)
Figure 4.4.3: (a) AFM image of Py/Nb/Py sample measured over a 40µm×40µm area at room temperature.
(b) Average roughness behaviour of the sample measured across a specific scanning direction as taken from
Fig. 4.4.3(a).
(a) (b)
Figure 4.4.4: (a) MFM image of Py/Nb/Py sample measured over a 40µm × 40µm area at room temperature.
(b) Typical linescan illustrating spread in the values of magnetic flux contrast on the sample measured as taken
from Fig. 4.4.4(a).
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4.5 LE-µSR Measurements
4.5.1 Experimental
The experiments were carried out at the piE4 beamline at PSI, Switzerland. Detailed descrip-
tion of the LE-µSR experimental technique can be found in Chapter II. The experimental
geometry for the present case has been illustrated in Figure 4.5.1(b). In a LE-µSR experi-
ment with transverse muon polarisation, two positron detectors are placed on both sides of
the sample under investigation. The direction of the externally applied magnetic field and
muon spin polarisation has been marked by respective arrows in Figure 4.5.1(b). The sample
under investigation is made up of 16 pieces of the 1cm×1cm sized identical structures grown
under identical conditions in the same growth run which were arranged to form a mosaic
on top of a silver plate as illustrated in Figure 4.5.1(a). The sample pieces were fixed to the
sample plate by using silver paste and left overnight for drying to maintain good thermal
link between the samples and the plate. The reason for using this mosaic arrangements of
samples is to cover the maximum flux of the incoming muons on the sample and to reduce
the background contributions. In Figure 4.5.2(b), the dependence of the fraction of incoming
muons stopping on the sample with the areal coverage of the sample has been plotted. In
the present case, about 99% of the incoming muons can be stopped on an 4cm×4cm sample
area [50]. If the sample area is smaller than this, then there will be significant background
contribution in the data.
The samples were first cooled down from room temperature to 10K in a zero field cooled
condition and measurements were performed for an in plane applied field of 100G. Later,
the sample was field cooled to 4K and measured at different implantation energies. Further
to this, the sample was warmed up again to 10K and measured in the superconducting state
in a ZFC state. It is to be noted that at each temperature measurements were taken for differ-
ent implantation energies of the incoming muons and results were compared to investigate
the interaction of superconductivity with the magnetic layers in this system. In the case of
a LE-µSR experiment incoming muons land over a range of thicknesses in the sample for
different muon energies which can be described by the muon implantation distribution. In
the present case, the implantation distribution was calculated for different muon energies
using a Monte Carlo algorithm based simulation package TRIM.SH [114, 115] considering
a Gaussian spread of the energy distribution with a FWHM of 0.5keV. The stopping pro-
files of muons at different energies for the current sample structure have been plotted in
Figure 4.5.2(a). The muon energy was finely tuned following that to get the desired implan-
tation of the muons in specific regions of the sample which are of specific magnetic impor-
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(a) (b)
Figure 4.5.1: (a) Arrangement of the sample mosaic for the LE-µSR experiments on a Py/Nb/Py sample. The
black circles are the additional silver paste drops used to create a strong thermal link between different pieces of
the samples, (b) Experiment geometry for the LE-µSR experiment in the present case. The sample is represented
by the purple coloured block and the black arrows represent the magnetic moments which are aligned in the
plane of the sample. The blue coloured blocks on both sides of the sample represent the positron detectors
placed Left and Right to the incoming muon beam. Each of the incoming muons has a momentum pµ and spin
σµ and arriving at the sample along the direction of pµ.
tance. At the lowest muon implantation energy in Figure 4.5.2(a), most of the implantation
profile peaks in a region at the left F/S interface which means that half of the muons are only
contributing to the superconducting signal while the remaining half is entering inside the F
layer which will depolarise rapidly due to the ferromagnetic exchange field leading to a fast
muon relaxation. At higher energies (10keV), a larger fraction of the muons arrived inside
the S layer, which makes it more likely to probe the influences of stronger superconducting
signal arising from the bulk expulsion of the Nb layer by these muons. Measurement at
each of these data points (at a particular energy and temperature and with a specific cooling
history) was recorded with 10MeV1 (107) positron counts which is equivalent to a data col-
lection time of nearly four hours per data point considering the peak intensity of the muon
beam (∼750 counts/s).
4.6 Data Analysis
The data analysis for the present case was extensively carried out in time and frequency
domains using several analysis techniques. In the time domain, the asymmetry signal was
1Here eV stands for events and MeV for Million events which are used conventionally for describing num-
bers of positron counts recorded in any µSR experiment.
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(a) (b)
Figure 4.5.2: (a) Muon implantation profile for Nb/Py/Nb/Py spin valve structure. Different layers have been
shaded with different colours. (b) Areal dependence of the muon stopping fraction on the sample, the x-axis
represents the sample dimension(d) [for square shaped samples : d is the length of the side, for circular samples
d is the diameter]. The top branch of curve corresponds to a square shaped sample piece while the bottom curve
is for a circular shaped sample [50] as described in the inset.
fitted with multiple time dependent components with different damping and a certain mean
field (Sec 4.6.1) and at a later stage microscopic magnetisation profiles (Sec 4.6.3) were used
to describe the finer details of the magnetisation, describing the coupling effects at different
thicknesses of the sample and fitted using Levenberg-Mardquat algorithm [116, 117]. In the
frequency domain, the data was fitted using high resolution Maximum entropy technique.
The abbreviations used for different analysis techniques from this section onwards have
been listed in the Table 4.2.
4.6.1 Time Domain Analysis
4.6.1.1 Data Analysis
In the presence of a magnetic field applied transverse to the muon spin polarisation, muons
will precess with a frequency ωµ = γµB, where γµ is the gyromagnetic ratio of muon. The
spin rotation will result in preferential positron emissions which are recorded by the respec-
tive positron detectors which are observed in the form of positron histograms described by,
Ni(t) = N0i .e
−t/τµ [1 +Aµ(t)] +Bi (4.1)
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Table 4.2: Abbreviations for different Analysis Methods
Time Domain Analysis This analysis technique used fitting the
(Section 4.6.1) spin asymmetry in the time domain
using two damped oscillating
components with a mean field <B>.
Maximum Entropy Using a maximum entropy algorithm
Technique (Maxent) the data was fitted in the frequency domain
Analysis to obtain the mean field, damping and
(Section 4.6.2) maximum spin asymmetry of the signal.
Field Profile Anlysis The data was also fitted in the time domain,
(Section 4.6.3) but with a depth dependent magnetic profile
B(xi) existing across the thickness of the system.
The field profile was weighted by the muon
implantation profile to simulate the spin asymmetry.
where subscript i refers to ith histogram, Ni is the number of positron events recorded at
time t, Aµ(t) is the asymmetry and Bi is the temperature independent background. In the
case of a TF LE-µSR measurement, only two detectors are used and the asymmetry can
be directly calculated by subtracting the respective histograms with necessary background
corrections.
Because of the large areal coverage of the muon beam, the presence of the background
was negligible for the present case which had made life easier for analysis of this data. The
asymmetry behaviour was best described in the time domain by a sum of Lorentzians as,
Aµ(t) =
∑
i
Ai(0)e−λit cos(ωt+ φ) (4.2)
where Ai(0) is the asymmetry at t=0 and λi is the damping of the ith component. In the
present case, two damping components were used to fit the data which can be written as,
Aµ(t) = {AF e−λF t +ABe−λBt} cos(ωt+ φ) = {AF e−λF t +ABe−λBt} cos(γµ〈B〉t+ φ) (4.3)
where ‘F’ stands for the ‘Fast’ component and ‘B’ for the slower component (also refered as
Broad Component) responsible for the broadening of the field distribution. The fast compo-
nent (λF ) describes the rapid fall of the muon spin asymmetry at low times and was fixed
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by hand. The Fast component originates mostly from the F sides of the structure and the
slower component mostly originates from the superconducting part of the sample which
were calculated at different energies by fitting the data. The data analysis in this approach
has been performed using the MUSRFIT package developed by Andreas Suter based on the
CERN based χ2 minimization routine MINUIT2 [56, 57]. The analysis package can directly
import the data files without any extrinsic binning and can perform analysis using single
histograms or asymmetry fitting.
4.6.1.2 Discussion of Results
Data analysis in the time domain provides useful information regarding the magnetic be-
haviour of the sample for different implantation energies measured at different tempera-
tures. Muons are local probe of magnetisation and in the case of LE-µSR, muons with spe-
cific energies can obtain magnetic information about the specific region of implantation. The
mean field estimated in the normal and superconducting states under ZFC and FC condi-
tions at different implantation energies has been plotted in Figure 4.6.1(a). Similar to the
analysis in the frequency domain [Figure 4.6.5(a)], the mean field has been found to decay
from the F/S interface towards the centre of the superconductor. The major differences in
the mean field behaviour between the normal and the superconducting states can be seen at
the lowest energy which is the position of the left F/S interface. Some differences are also
present at the centre of the superconductor at 12.5keV. The behaviour of the damping of the
slower component has been plotted in Figure 4.6.1(b). The enhancement of damping near
the interface indicates the presence of strong ferromagnetic influences in those areas, while
it drops significantly at higher energies where a larger fraction of the muons sample the su-
perconducting region. A downturn of damping has been found in the ZFC branch near the
F/S interface.
The amplitudes of spin asymmetry of the two components have been plotted in Fig-
ure 4.6.2. In Figure 4.6.2(a), the asymmetry of the fast Lorentzian component sharply rises
to its maximum value at 10keV. The fast component is mostly responsible for the decay of
the muon signal at low times. At lower energies, majority of the incoming muons arrive
in the F layer which provide significant depolarisation of the muons and a low asymmetry.
With an increase in the muon energy, the asymmetry component increases significantly as a
larger fraction of muons now arrive at the superconducting region of the sample. The peak
occurs at 10keV which is the centre of the superconducting layer. However, the slower2
2Also mentioned as the broad component as the slower component in the frequency domain gives rise to a
broad distribution of fields.
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(a) (b)
Figure 4.6.1: Time Domain Analysis : (a) Mean field <B> as a function of the muon implantation energy in
the normal state and the superconducting state (measured in the FC and ZFC conditions), (b) Implantation
energy dependence of the slower component of the relaxation function measured in the normal state and the
superconducting state (measured in the FC and ZFC conditions) [1 bin = 1.25ns].
component behaves just in the opposite manner to the fast component, the maximum asym-
metry occurs at the F/S interface and it decreases slowly towards the S side. This is because
of reduction of damping at higher energies, the slower component has significant contribu-
tion at low energies and relatively smaller contribution at higher energies as illustrated in
Figure 4.6.2(b).
Spin asymmetry behaviour measured at different energies have been plotted in Fig-
ure 4.6.3 and Figure 4.6.4. The red points are experimental data points and the green line is
the fitted data (see Equation 4.3). Relative change of the shapes of the spin asymmetry sig-
nal can be seen from these figures with a change of the muon energy. In Figure 4.6.3(a,b,c),
significant drop in the spin asymmetry (85% of the initial asymmetry within 1µs) occurs
rapidly at 5keV as a result of the stronger ferromagnetic influences on the incoming muons.
In Figure 4.6.4, spin asymmetry behaviour fitted at higher energies (using Equation 4.3) are
plotted and systematic changes can be found between different fits with a change of the
implantation energy.
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(a) (b)
Figure 4.6.2: Time Domain Analysis : (a) Asymmetry of the fast relaxing component as a function of the muon
implantation energy in the normal state and the superconducting state (measured in the FC and ZFC conditions),
(b) Implantation energy dependence of the asymmetry corresponding to the slower component of the relaxation
function measured in the normal state and the superconducting state (measured in the FC and ZFC conditions).
4.6.2 Maximum Entropy Technique Analysis
4.6.2.1 Data Analysis
The data has been analysed in the frequency domain using the Maximum entropy technique
[59]. The data was fitted over a time window of 8-10µs with a time resolution of 1.25ns for
individual histograms. The values of T0, T1 and T2 has been obtained from the respective
histograms using the unbinned data and listed in Table 4.3. It is to be noted that using a
Table 4.3: Maxent input parameters for Py/Nb/Py/Nb
T0(bin) T1(bin) T2(bin)
3375 3475 65000
typical time binning of 5, the data misses some of the important features at the low time
region. For this reason, unbinned data was to used for analysis. The looseness value was
kept constant at 1.02 throughout the analysis with zero apodization.
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(a) (b)
(c) (d)
(e) (f )
Figure 4.6.3: Time Domain Analysis : Spin Asymmetry behaviour for different muon implantation energy at
(a) 5keV/10K (Normal state), (b) 5keV/FC (Field Cooled Superconducting state), (c) 5keV/ZFC (Zero Field Cooled
Superconducting state), (d) 6.5keV/10K (Normal state), (e) 6.5keV/FC (Field Cooled Superconducting state), (f )
6.5keV/ZFC (Zero Field Cooled Superconducting state).
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(a) (b)
(c) (d)
(e) (f )
Figure 4.6.4: Time Domain results : Spin Asymmetry behaviour for different muon implantation energy at (a)
7.5keV/10K (Normal state), (b) 7.5keV/FC (Field Cooled Superconducting state), (c) 7.5keV/ZFC (Zero Field Cooled
Superconducting state), (d) 12.5keV/10K (Normal state), (e) 12.5keV/FC (Field Cooled Superconducting state), (f )
12.5keV/ZFC (Zero Field Cooled Superconducting state).
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4.6.2.2 Discussion of Results
The analysis of the lineshapes obtained using Maxent analysis in the frequency domain
provides significant information about the distribution of fields present within the sample.
In the present case, this analysis was performed as an independent method to check the
consistency of the observation made using other analysis techniques (time domain analysis
and field profile analysis).
First of all, the analysis was performed over a larger field window of 0-1000G and phases
were allowed to vary freely as no change of vortex lattice structure was observed. The
dependence of the mean field (<B>) as a function of the muon implantation energy in the
normal and superconducting states (FC and ZFC) have been plotted in Figure 4.6.5(a). The
three branches of the <B> measured in the normal and the superconducting states follows
similar trend as observed in the case of time domain analysis (Figure 4.6.1(a)). The sharp decay
of <B> from the F/S interface indicates the presence of strong spin polarisation present near
the interface. It is to be noted that the major differences in the field profile between the
normal and the superconducting states occur at the lowest energy (5keV) and the differences
vanish slowly towards the centre of the S layer. Overall, the differences are tiny at higher
energies. At 6.5keV, sudden downturn in the FC branch can be found which is in line with
the spin induced magnetic influences present at the interfaces. The second moment of the
field distribution (σ) which is a measure of damping of the muon signal in the sample has
been plotted in Figure 4.6.5(b). A similar kind of trend as that of the <B> can also be seen in
the behaviour of σ with muon implantation energy, although the differences in σ between
the normal superconducting states are more significant in this case. Near the F/S interface,
significant damping arises due to the strong presence of ferromagnetic moments near the
interfaces.
The field probability distribution p(B) for different implantation energies have been
plotted in Figure 4.6.6, Figure 4.6.7. Maximum differences between the lineshapes mea-
sured in the normal and the superconducting states were found at higher fields which have
been plotted in the inset of these plots. On carefully looking at the lineshapes one can see
the presence of satellite peaks at fields larger than the <B>. In similar trilayered systems, us-
ing the technique of LE-µSR evidence of a SDW [66, 65] have been found where also similar
features were present at higher fields. However, in the present case these features are not
systematically consistent at different implantation energies and the existence of a SDW has
been found to be inconsistent in this case [55].
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(a) (b)
Figure 4.6.5: Maxent Analysis: (a) Implantation energy dependence of Mean field <B> measured in the normal
state and the superconducting state (measured in the FC and ZFC conditions), (b) Implantation energy depen-
dence of the µSR linewidth (σ) measured in the normal state and the superconducting state (measured in the FC
and ZFC conditions).
(a) (b)
Figure 4.6.6: Maxent Analysis: µSR lineshape for an implantation energy of (a) 5keV and (b) at 6.5keV, measured
in the normal state and the superconducting state (measured in the FC and ZFC conditions). The inset shows a
zoomed version of the circled area marked at the bottom.
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(a) (b)
Figure 4.6.7: Maxent Analysis: µSR lineshape for an implantation energy of (a) 7.5keV and (b) at 12.5keV, mea-
sured in the normal state and the superconducting state (measured in the FC and ZFC conditions). The inset
shows a zoomed version of the circled area marked at the bottom.
4.6.3 Field Profile Analysis
4.6.3.1 Data Analysis
Fitting the muon asymmetry in the time and the frequency domains have certain limitations
in describing the magnetic behaviour of the sample with a certain accuracy as the fitting
processes estimate a mean field (〈B〉) existing uniformly across the sample for a specific im-
plantation energy. Although muons are local probe of magnetisation, so it can be assumed
that the mean fields calculated using those methods provide a good description of the local
magnetic behaviour in those specific region of the sample. However, for the case of super-
conducting/magnetic heterostructure, the differences of the mean fields between the two
states are so tiny that it is very hard to resolve it within the accuracy of those fitting tech-
niques. In this section, to fix this issue and find detailed understanding of the magnetic
behaviour, the data was fitted using a new microscopic and detailed approach. Considering
a continuous variation of the magnetisation across the thickness of the structure, the data
has ben fitted considering such a kind of magnetic profile existing in the sample to provide
a better description of the data. This also provides the additional advantage of obtaining the
functional variation of the magnetisation.
This is a rather direct way of modeling the real space field profile in the superconducting
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Figure 4.6.8: A sample magnetic flux density profile describing the model used for Field profile analysis as for-
mulated by Eqn 4.5 within the Nb layer. The field profile is characterised by two length scales, λ1, λ2 for fast
components (blue lines) and λsl for slower component (black lines). The overall field profile is a combined
contribution of these two represented by the red line.
layer of the sample. From the time domain analysis using two Lorenzians, a sharp decay in
the mean field profile has been observed in the vicinity of the F/S interfaces which reaches
a saturation level towards the centre of the superconductor, where the mean field takes the
minimum value. This kind of field profile is also consistent with the analysis using Maxi-
mum Entropy Technique where a similar decay pattern has been observed from the interface
towards the centre of the superconducting layer. The origin of this decay could be because
of two possible reasons - (a) Dipolar field originating from the interfacial roughness of the
sample or (b) Spin diffusion arising from the F layer into the S side. For the current sam-
ple under investigation, the interfaces are very smooth with minimal interfacial roughness
(confirmed by AFM measurements) which makes it unlikely to have significant contribu-
tions from dipolar influences for the present case. However, for the case of spin diffusion or
spin tunnelling, magnetisation drops continuously from the interfaces with a characteristic
length scale much larger than the case of a dipolar counterpart for reasonable roughness,
which is also consistent with the field profile obtained from time domain analysis.
Assuming a spin diffusion occurring over a characteristic length scale of λ from the F
sides, the field distribution inside the superconducting layer can be described as,
B(xi) =
∑
j
Hdje
−xi/λj (4.4)
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In the present case, considering a trilayered structure with two F/S interfaces, this can be
modified as,
B(xi) = Hd1 e−(xi−l1)/λ1 +Hd2 e−(l2−xi)/λ2 +Hsl e−(xi−l1)/λsl +Hsl e−(l2−xi)/λsl +Ho (4.5)
where Hd1 and Hd2 are the field amplitudes at the two interfaces, λ1 and λ2 are the char-
acteristic length scales for fast decay from interface 1 (left) and interface 2 (right), Ho is the
external applied field and λsl is the slower component of the relaxation with amplitude Hsl.
A sample field profile from Eqn 4.5 has been plotted in Figure 4.6.8. The contributions from
the two decay components have been marked by blue and black dotted lines from the two
interfaces, λ1 and λ2 are the length scales corresponding to the fast components and λsl is
for the slower component.
The muon stopping profile gives an estimation for the fraction of muons stopping at
different thicknesses/depths in the sample. The spin asymmetry can thus be expressed as a
combination of these two:
Aµ(t) = Ao
∑
i
Nµ(xi) cos[γB(xi)t+ φ] (4.6)
where Nµ(xi) is the normalized muon intensity stopping at ith site and φ denotes initial
phase of muons. In this way, one can effectively calculate the field distribution indirectly
from the time domain data. The mean field can be calculated from the field distribution by,
〈B〉 =
∑
i
Nµ(xi)B(xi) (4.7)
Similarly, the second moment from the distribution can be expressed as
〈∆B2〉 =
∑
i
Nµ(xi)[B2(xi)− 〈B〉2] (4.8)
4.6.3.2 Discussion of Results
The data at the lowest energy was first fitted with a single decay component from the two
interfaces in the normal state. The values of the fitted parameters like Hd1, λ1 have been ob-
tained from it. It was noticed that an asymmetric field profile (Hd1 6= Hd2) did not manage
to fit the data and a symmetric profile provides a better description to the data. A secondary
slower component of magnetisation was added to fit those data at a later stage. Conse-
quently, the data at the higher energies were fitted using a similar profile using two compo-
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Figure 4.6.9: Field Profile Analysis: The depth dependent field profile at 5keV in the normal state (red line)
and field cooled superconducting state (green line). The magnetisation profile stays symmetric in both the
cases. However, in the FC state the field profile moved towards the F sides which is possibly an indication of
the spin polarisation effect from the Cooper pairs. (Inset: The relative shift of the left Py/Nb interface in the
superconducting state towards the Py layer has been indicated by the blue arrow. The vertical arrows (green and
red) indicate the positions of the left Py/Nb interface in the normal and the superconducting states respectively.
This indicates that in the superconducting state, an additional region of the sample can be seen using muons
which were inaccessible in the muon time window in the normal state.)
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nents of magnetisation. The magnetic field profile obtained by fitting the data for a muon
implantation energy of 5keV has been plotted in Figure 4.6.9. Generically the field values
inside the S layer near the F/S interfaces are much larger than the externally applied field
in both the normal and the superconducting states of measurements, which arises from the
sharp cut off limit of the field profile around the F/S boundary towards the F side as the field
values inside the F layer can’t be measured using muons. The strong exchange fields inside
a F layers can’t be detected using muons as this will very rapidly lead to strong dephasing
of the muons leading to zero asymmetry in those areas of the sample. The fast component of
decay has a characteristic length scale of 1-1.5nm, which has been plotted as a function of the
muon implantation energy in Figure 4.6.11(a). Very little difference can be seen in the λFast
values with a change of temperature. However, all three branches of the decay components
generically decrease towards the centre of the Nb layer at higher energies. This fast magnetic
component (λFast) most likely signifies the contributions of the fields originating from the
interfacial surface roughness present mostly at the F/S interfaces. At lower implantation
energies, λFast stays almost constant while for higher implantation energies it decreases.
This possibly indicates that the contribution from this component does not change much in
the regions near the interface while at higher energies (towards the centre of the Nb layer)
the contribution from this component of magnetisation is minimal compared to the slow
component. The secondary or the slower component of magnetisation decays over a length
scale of 120− 200Å, which has been plotted in Figure 4.6.11(b) for different implantation en-
ergies in the normal and the superconducting states. This component is responsible mostly
for the decay of magnetisation deep inside the S layer. The length scale is comparable to
the spin diffusion length for electrons in the Nb layer through a Py/Nb interface. Py being
a ferromagnet is strongly spin polarised and while placing it next to a non-ferromagnetic
layer, spin propagation inside the Nb layer occurs due to a difference in the spin potential
between the two layers. This occurs over a characteristic length scale called as spin diffusion
length and for the present case, the slower component of magnetisation possibly originates
from the spin diffusion from the Py layer inside the Nb. It is to be noted that for energies
close to the interfaces, the fast component is more dominant comparable to the slower one
which largely samples those areas away inside the S layer.
In the superconducting state, the data was fitted following a similar approach. The over-
all pattern of the field profile has remained the same in this case and the two components
of the decay of the magnetisation occur over a similar length scales. It is to be noted that
the the interface positions were allowed to vary for all energies and at all temperatures. In
the normal state, the left interface position has been shown by the red arrow in the inset of
Figure 4.6.9. In the superconducting state, the interface positions do not stay at the same
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Figure 4.6.10: Field Profile Analysis: Difference of the field profiles between the FC superconducting state and
normal state calculated for different implantation energies.
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(a) (b)
Figure 4.6.11: Field Profile Analysis: (a) The Fast decay component (λFast) of the magnetisation as a function of
the implantation energy and (b) The Slower decay component (λSlow) of the magnetisation as a function of the
implantation energy, measured in the normal state and the superconducting state (measured in the FC and ZFC
conditions).
position (normal state value) and they move towards the F side as indicated by the blue
arrow in Figure 4.6.9. The field profiles in the normal and the superconducting states mea-
sured under a field cooled condition at 5keV has been plotted in Figure 4.6.9. The difference
between the field profile in the T > Tc and the T < Tc could be explained in the following
way : Py being a ferromagnet provides strong depolarisation to the incoming muons and
hence the fields inside the Py layers can not be measured using muons in general. However,
for T < Tc, magnetisations in the regions near the F/S interface inside the Py layer can be
accessible by the muon time window. This is most likely possible under the influence of
the Nb layer in the superconducting state on Py layer. In Figure 4.6.10, the superconducting
contribution towards the magnetisation across the thickness has been plotted for different
implantation energies, which show stronger influences at the F/S interfaces. However, the
effect is minimal at the centre of the S layer which indicates that the orbital component of the
superconducting signal giving rise to the bulk suppression of magnetisation inside the Nb
layer is minimal in this case, owing to the small thickness and large penetration depth of Nb
which prevents any kind of bulk flux expulsion in the Meissner regime. In Figure 4.6.10, the
difference of the magnetisation between the two states stays almost of the similar nature for
different implantation energies. The stronger influence of the superconducting signal at the
interface is a signature of the presence of a spin dependent coupling between the two order
parameters present in the superconducting state. This is in addition to the magnetic contri-
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(a) (b)
Figure 4.6.12: Field Profile Analysis: (a) χ2 values obtained from the time domain fitting as a function of implan-
tation energy for two diferent fitting conditions, (b) The field difference between the superconducting and the
normal states, near the F/S interface indicating the suppression of magnetisation due to the spin polarisation of
the Cooper pairs.
butions arising most likely from the spin diffusion and interfacial inhomogeneities. In the
present case, the thickness of the Nb layer is 500nm ≈ 2×λsl, which supports the existence
of a symmetric nature of the magnetic profile in the Nb layer.
In the superconducting state, the effect of superconducting and ferromagnetic coupling
can be demonstrated through a change in the flux profile which was observed in the form of
an overall increase in the effective thickness of the S layer. Considering a stronger ferromag-
netic influence, it’s expected that the F side will lead to an enhanced pair breaking in the
superconducting electrons and effectively leading to the destruction of superconductivity.
However, in this case the reverse situation can be observed where the Nb layer influences
the ferromagnetic part. Considering the singlet nature of the electron pairing in the super-
conducting state, the phenomena can be explained from a simple electron pairing picture.
Unlike localized ferromagnetic moments, the Cooper pairs inside the superconducting state
are spatially distributed across the thickness of the S layer and in the case of a F/S/F sys-
tem, the Cooper pairs can find it energetically more favourable to occupy one of the two
spin states (that one with moment aligned parallel to the exchange field of the F side) to
stay inside the Py layer while owing to the finite coherence length of the Cooper pairs, the
other spin component can stay inside the S side without affecting the the pair correlation.
This kind of spin polarisation response of the Cooper pairs will effectively generate a local
ferromagnetic ordering inside the S layer near the F/S interface. This could be the evidence
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Figure 4.6.13: In a F/S/F trilayered structure (a) the change of magnetisation across the thickness of the S
layer, theoretically calculated from the Usadel’s equations for parallel alignment of the F blocks. (b) The same
measured for anti-parallel alignment of the F blocks as obtained from Lofwander et. al [35] .
of an Inverse Proximity Effect in a F/S system where the ground state favours a simultaneous
coexistence of the two states. This has been illustrated in Figure 4.6.13, where the change of
magnetisation between the normal and superconducting states has been plotted for different
mutual orientations of the F layers. For parallel alignment of the F layers, the magnetisation
change varies in a similar manner as illustrated in Figure 4.6.9 which is in qualitative agree-
ment with the present experimental results, while the anti-parallel orientation will lead to
a completely different kind of magnetic profile. The effect of the interface on the fitting has
been measured by estimating the value of χ2 which is essentially a measure of the quality of
the fit. in Figure 4.6.12(a), the values of χ2 has been plotted as a function of muon implan-
tation energy in the fixed and free interface case and in all the cases, the free interface case
provides a better fit to the data.
4.7 Concluding Remarks
The local magnetic field distribution of a superconducting spin valve structure has been
studied using the novel LE-µSR technique. The idea was to figure out the real-space distri-
bution of the magnetic fields in different areas of the sample as a function of temperature
in order to find evidence of coupling effects between the two layers and the nature of the
ground state of the system. The measurement in the superconducting state has not shown
any evidence of Meissner state in the sample which can be directly measured using muons.
Analysis of the data in the time and frequency domain have been performed simultaneously
115
CHAPTER IV CONCLUDING REMARKS
(a) (b) (c)
(d) (e) (f )
(g) (h) (i)
Figure 4.6.14: Field Profile Analysis : Spin asymmetry for different muon energies measured at different temper-
atures (a) 5keV in the normal state (10K), (b) 5keV in the Superconducting state (FC), (c) 5keV in the Supercon-
ducting state (ZFC), (d) 6.5keV in the normal state (10K), (e) 6.5keV in the Superconducting state (FC), (f ) 6.5keV
in the Superconducting state (ZFC), (g) 7.5keV in the normal state (10K), (h) 7.5keV in the Superconducting state
(FC), (i) 7.5keV in the Superconducting state (ZFC).
116
CHAPTER IV CONCLUDING REMARKS
to find signatures of superconductivity in the presence of ferromagnets.
The major difference in the magnetisation profile between the normal and the super-
conducting states can be seen in this case occurring near the F/S interfaces, in the form of
a sharp drop of magnetisation on cooling the sample below Tc. However, no differences
in magnetisation were found at the centre of the S layer indicating minimal presence of
Meissner supression in the sample which is expected for such a thin S layer (ds ∼ λs). Two
possible mechanisms could be possibly responsible for this kind of the magnetisation pro-
file observed in the present case - (i) field component originating from the interfacial surface
roughness and (ii) spin diffusion in the presence of a strongly spin polarised ferromagnet.
However, the samples were measured using surface microscopy techniques where surface
inhomogeneities were found to be minimal, also the growth process was well optimized and
reproducible, so the dipolar influence is minimal in this case. In order to find the evidence
of the spin diffusion mechanism, the data was fitted using a real space field profile in the
time domain. Considering a second component of the magnetisation, the two-component
magnetic profile was found to describe the data with enough accuracy. The slower compo-
nent of the magnetisation decays over length scale ∼ 12-20nm, which is of similar order of
magnitude as the spin diffusion length from a Py layer within the Nb layer. The fast damped
component of magnetisation has a spatial spread of 1-1.5nm, could be most likely attributed
to the magnetic inhomogeneities due to the rough nature of the interfaces. On cooling below
Tc, the two components remain the same while the effective superconducting contribution
in the sample increases in the structure which was realised in the form of a change of F/S
interface positions by ∼ 10Å on both sides towards the F layer (see Figure 4.6.9). This ef-
fect (size of spatial shift) has been similar order of magnitude and reproducible for all the
energies which makes a stronger indication of some novel spin effects occurring at the inter-
faces. The difference between the magnetisation at the two temperatures clearly shows the
existence of a local magnetic ordering near the F/S interface aligned opposite to the F layer.
Considering the simplest picture of a singlet Cooper pair in a F/S/F structure, this could be
possibly explained in the form of an Inverse Proximity Effect where one of the Cooper pair
spins finds energetically more favourable to stay inside the F side while the other stay deep
within the S layer. This does not destroy any ordering, however the presence of such Cooper
pairs in the vicinity of the F layers influence feromagnetic state. This kind of effect has not
yet been seen in such structures and the use of the microscopic probing techniques have
been proven to be extremely useful for investigating these kinds of effects occuring at such
length scales.
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5.1 Introduction
One of the major issues that often influences any kind of coupling effect in a supercon-
ducting - magnetic heterostructure is the interfacial surface roughness which gives rise to
magnetic inhomogeneity at the F/S interface. The existence of magnetic domains is also a
potential influence on the measurements. Microscopic magnetic probes like neutrons and
muons have their own measurement limitations. Sometime high flux densities inside the
magnetic layers prevent measuring low fields in the areas very close to or inside the S layer,
as a fraction of the muons landing inside the magnetic layers are lost resulting in a limited
spatial resolution in these areas. There are some other experimental limitations which also
hinder progress of the investigation of these systems like sample size, thickness and mate-
rial properties of the superconducting layer etc. For LE-µSR measurement, the coverage of
the beam area is a big factor, as a large fraction of the muons can contribute to the back-
ground signal for smaller sample areas which makes it very hard to distinguish from the
sample contribution and this can make the analysis more difficult and enhances the likeli-
hood of artifacts in the analysis. In an approach to overcome all these, we have designed
architectures in collaboration with industrial research facility of Hitachi GST, California1.
We have developed multilayered structures where the superconducting layer stays in be-
tween two magnetic blocks (see Sec 5.2) that have an easy axis perpendicular to the plane
of the film. These magnetic blocks are a multilayered stack of Co/Pd layers separated by
Ru layers which are aligned ferromagnetically within the plane, but neighbouring blocks
are aligned antiferromagnetically. Antiferromagnetic films are of specific interests in mod-
ern day technologies because of their widespread technological applications like computer
recording heads, mobile phone memory etc. The magnetic behaviour of an AFM layer in
contact with a FM layer via a non-magnetic spacer layer has been investigated using several
experimental techniques like MFM, PolKerr etc. These kinds of devices involving layered
AFM/FM stacks are called exchange bias systems [118, 119, 120, 121, 122, 123, 124]. However,
compared to the in-plane coupled AF layers, the perpendicular alignment of the AF layers
provide a demagnetisation field which allows a FM alignment between adjacent layers. In
the present case, these samples have been designed in such a way so that one can ensure
a single domain ferromagnetic correlation in the plane of the film for moments oriented
perpendicular to it [125, 126].
1Hitachi Global Storage Technology, San Hose, California, USA
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5.2 Sample Details
The basic sample structure has been illustrated in Figure 5.2.1. The essential unit of the FM
block is a multilayer of Co/Pd of the thickness around 10Å with a repeat ofX that is variable
according to the requirement, but typically X ∼3-4 in our case [127]. These units have high
perpendicular anisotropy originating from Co surface anisotropy tunable by controlling the
thicknesses of the Co layers [126] while the total magnetic moment of this structure depends
on the numbers of repeatX and the ratio of the Co and Pd layer thicknesses. Several of these
blocks are then separated by N Ru spacers, which gives rise to an AFM coupling across the
neighbouring layers [126, 125]. Depending on the value of X and N the magnetic ground
state following saturation can be engineered to take different forms (Figure 5.2.1(b)). On
saturation in a high magnetic field perpendicular to the plane of the film, a single domain
structure can be produced in the so-called antiferromagnetic (AFM) phase, in which each
layer has a FM correlation within the layer, but with adjacent layers are antiferromagneti-
cally correlated (Figure 5.2.1(b)). These structures are then used to bound a superconducting
layer between these antiferromagnetically coupled F blocks symmetrically placed on both
sides of it (Figure 5.2.1(c)). This corresponds to the superconducting layer being in contact
with a FM layer of high perpendicular anisotropy, where the domain structure is extremely
well controlled. In the most ideal case of an infinite single domain FM layer, associated
dipolar fields have very little influences on the neighbouring non-magnetic layer as all of
the flux must return to the sample (see Figure 5.2.1(d)).
The samples were grown at the industrial research facility located within the Hitachi
Global Storage Technology, California, USA using DC magnetron sputtering process over
3 inch (7.5cm) diameter circular high quality Silicon wafers for LE-µSR measurements to
provide a larger areal coverage of the incoming muon beam. Identical structures were also
grown on 1"×1" sized Si and glass substrates for PNR, transport, magnetisation and other
kinds of bulk characterisations. Nb67Ti33 is used as the superconducting layer in the present
case with a bulk Tc ∼ 8K. Several samples structures were grown by varying the thickness
of the superconducting layer, placing a Pd or an oxide layer (Nb2O5) on both sides of the
Nb67Ti33 layer etc. The sample structure discussed in this current work uses thin Pd spacers
on both sides of the Nb67Ti33 layer to avoid direct influences of the Co surface anisotropy on
Nb67Ti33 layer and separating dipolar contributions from direct electronic coupling effects..
Individual FM blocks have a total thickness of∼ 20-30 nm and the Nb67Ti33 thickness varies
between 50–200nm. In Table 5.1, details of different sample structures and the abbreviations
of different sample names have been listed which are used throughout this Chapter.
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(a) (b)
(c) (d)
Figure 5.2.1: (a) Sample structure of magnetic films with perpendicular anisotropy. Each of the blocks (in right
side) contain Pd, Ru and Co layers and x units of similar blocks have been repeated throughout, each of which
is aligned antiferromagnetically to the neighbouring block by a Ru spacer layer. (b) The magnetic ground state
of a such a structure could be imagined to be doubly degenerate which can be viewed as an in-plane or an out of
plane orientation of magnetic moments in individual ferromagnetic blocks, (c) Schematic representation of the
magnetic moments in the F blocks giving rise to antiferromagnetic alignment within the neighbouring blocks.
The S layer is sandwiched between these two magnetic blocks with zero magnetic flux within the sample, (d)
Schematic of flux paths for an infinite and thin ferromagnetic film: top : Single domain and bottom : Stripe
domain structure.
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Table 5.1: Perpendicular Anisotropy Sample Details
NAME SAMPLE STRUCTURE
CoPd557 (CoPd) Ta(1.5nm) Pd(3.0nm) {[Co(0.4nm)Pd(0.7nm)]x3 Co(0.4nm)/
Ru(0.9nm)}x3 [Co(0.4nm)Pd(0.7nm)]x3 Co(0.4nm) Pd(2nm)
Ti33Nb67(50nm)Pd(2nm)[Co (0.4nm)Pd(0.7nm)]x3
Co(0.4nm)/Ru(0.9nm)}x3[Co(0.4nm)Pd(0.7nm)]x4 Pd(1.3nm)
CoPd534(3" Si wafer) Ta(1.5nm) Pd(3.0nm) {[Co(0.4nm)Pd(0.7nm)]x3 Co(0.4nm)/
CoPd537(1" Si/Glass substrate) Ru(0.9nm)}x3 [Co(0.4nm)Pd(0.7nm)]x3 Co(0.4nm)
Ti33Nb67(200nm)[Co (0.4nm)Pd(0.7nm)]x3 Co(0.4nm)/
Ru(0.9nm)}x3[Co(0.4nm)Pd(0.7nm)]x4 Pd(1.3nm)
SC Only (CoPd552 [1" Si/Glass substrate]) Ta(1.5nm)/Pd(3.0nm)/Nb67Ti33(200nm)/Pd(2nm)
SC Only (CoPd553 [3" Si wafer])
MFM Ref. Sample Pt(10nm)[Co(0.4nm)/Pt(1nm)]x15
PyNb Py(50nm)/Nb(50nm)/Py(20nm)/Nb(2nm)
5.3 Bulk Characterizations
5.3.1 Magnetisation Measurements
The magnetic hysteresis behaviour of the CoPd557 sample has been shown in Figure 5.3.1(a).
Measurements have been carried out using a vibrating sample magnetometer at the Manch-
ester Center for Mesoscience and Nanotechnology, University of Manchester and a MPMS
SQUID at the University of St. Andrews. The switching behaviour of different ferromag-
netic blocks can be seen from the magnetisation steps in the hysteresis curve. The FM layers
in immediate contact with the S layer switches first at lowest applied field and neighbour-
ing FM blocks switch accordingly with an increase in the applied field. The reverse of this
switching happens when the field is decreased from the maximum positive value to zero.
The superconducting transition temperature (Tc) of the CoPd557 sample can be estimated
from the temperature dependence of magnetisation behaviour measured for an in-plane
applied field of 100G illustrated in Figure 5.3.1(b) ∼7.2K, making NbTi a very robust su-
perconducting material for a F/S/F structure. The magnetisation behaviour for CoPd557
sample measured under ZFC/FC conditions with an out-of plane externally applied mag-
netic field has also been illustrated in Figure 5.3.1(c). The hysteresis behaviour of the SC only
sample measured below Tc has been recorded in Figure 5.3.1(d). The virgin branch of the
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magnetisation curve is linear in the low field region and the Hc1 can be estimated from the
point of divergence from the linear behaviour as shown in Figure 5.3.1(e). The values of the
upper critical fields (Hc2) are listed in Table 5.2. The superconducting behaviour of the SC
Table 5.2: Magnetisation Parameters for CoPd samples
Sample Hc2 Tc ξs
(Gauss) (K) (Å)
CoPd557 500G 7.2K 574
SC only 600G 8K 524
only sample have been illustrated in Figure 5.3.1(f) and Figure 5.3.1(g). The temperature de-
pendence of magnetisation measured in the ZFC and FC states are different in the in-plane
(Figure 5.3.1(e)) and out-of plane (Figure 5.3.1(f)) geometry.
5.3.2 Surface Microscopy Measurements
The surface microscopy measurements were carried out at the Manchester Centre for Meso-
science and Nanotechnology (CMN) at the University of Manchester, UK. This is in order to
confirm the magnetic domain structure of these samples.
5.3.2.1 Experimental
The measurements were performed in the amplitude feedback mode with a drive frequency
of ∼ 80kHz. The scans were taken typically over a 40µm×40µm area with a scan rate of ∼
40µm/s. The tip was able to detect surface information over a range of 2.5µm in a single
scan.
5.3.2.2 Results
The AFM topography of the surface has been plotted in Figure 5.3.2(e). Overall the surface
structure is uniform with minimal effects of roughness. A line plot of surface roughness has
been plotted in Figure 5.3.2(f) across a specific scan direction which describes the systematic
variation of roughness across the sample. The maximum roughness measured in this case is
∼4Å while the average roughness is much lower than that. This indicates the good quality
of the sample and smooth interfaces present in this structure. The magnetic surface topog-
raphy of the CoPd557 sample has been plotted in Figure 5.3.2(a) where no evidence of the
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(a) (b) (c)
(d) (e) (f )
(g) (h) (i)
Figure 5.3.1: (a) Magnetic hysteresis behaviour of CoPd557 sample at room temperature for an in-plane applied
field, (b) Magnetisation behaviour of CoPd557 sample in a zero field cooled condition for an in plane applied
magnetic field of 100G, (c) Magnetisation as a function of temperature of CoPd557 sample in zero field cooled
and field cooled condition for an out plane applied field of 100G, (d) Hysteresis behaviour of CoPd552 at T=3K
for an in-plane applied field, (e) Estimation of Hc1 for CoPd552 from the magnetisation data at 3K, (f ) Mag-
netisation as a function of temperature of CoPd552 sample in zero field cooled and field cooled condition in
an in plane applied field of 100G, (g) Magnetisation as a function of temperature of CoPd552 sample in zero
field cooled and field cooled condition in an out plane applied field of 100G. (h) Magnetisation as a function of
temperature of CoPd534 sample in zero field cooled and field cooled condition in an in plane applied field of
100G, (i) A cartoon describing the sample piece used for for different experiments - the central square piece was
used for LEM and PNR measurements, off-cuts were employed for surface profilometry and bulk magnetisation
measurements.
124
CHAPTER V BULK CHARACTERIZATIONS
existence of any magnetic domain structure has been found in this sample. The magnetic
inhomogeneity across a specific scan direction has been plotted in Figure 5.3.2(b) where the
maximum contrast found is 0.05G. This confirms the existence of single domain structure in
this sample which is expected in this case as the neighbouring antiferromagnetically coupled
Co/Pd blocks in this structure are evenly distributed on both sides of the NbTi layer mak-
ing the structure robust against any flux leakage. In order to confirm the absence of multiple
domains in the structure, another sample with similar Co/Pt blocks but with no AFM cou-
pling (see MFM Ref. Sample in Table 5.1) has been measured under identical experimental
conditions where the evidence of magnetic domains could be found in Figure 5.3.2(c) in the
form of blue magnetic regions. A line plot along a specific scan direction has been plotted
in Figure 5.3.2(d), where evidence of magnetic domains can be seen through the sharp rise
and fall of the magnetic contrasts. The peak regions correspond to the areas between two
domains while sudden drop of the magnetic flux occur at inside the domains. Comparing
it to the CoPd557 sample plot in Figure 5.3.2(b), one can see the magnetic uniformity of the
sample investigated in the present case. The presence of a single domain structure indicates
negligible presence of dipolar fields and influences of stray fields in this case.
5.3.3 Surface Profilometry Measurements
Surface profilometry is a very useful technique for measuring the overall curvature and
roughness of a sample over a large area. The measurement technique has been explained in
details in Chapter II. In the present case, this has been used to measure the overall curvature
of our samples.
5.3.3.1 Experimental
The experiments have been performed using using a VECCO DekTak profilometer facility
located at the University of St. Andrews. The instrument has a vertical resolution of 0.1µm
and can measure up to a maximum of 1cm distance in a single scan.
5.3.3.2 Results and Discussion
These measurements were done in order to confirm the overall flatness of the samples
(mostly substrates). Earlier we did PNR experiments on these samples (CoPd537) which
were grown on 1"×1" glass and Si substrates and we failed to measure any kind of observ-
able specular reflectivity pattern (what we measured is mostly some off-specular reflection of very
125
CHAPTER V BULK CHARACTERIZATIONS
(a) (b)
(c) (d)
(e) (f )
Figure 5.3.2: Surface microscopy measurements : (a) MFM image of of the CoPd557 sample at room tempera-
ture, (b) Spatial dependence of the variation of the magnetic flux profile across the surface of the sample along
a specific scan direction, (c) MFM image of a the reference sample consisting of similar Co/Pt blocks (see Ta-
ble 5.1) where domain structure is clear and prominent, (d) Spatial dependence of the variation of magnetic flux
variation along a specific scan direction across the sample, (e) AFM image of the CoPd557 structure structure,
(f ) Spatial variation of the surface roughness across the sample along a specific scan direction of measurement.
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low intensity). We could not find an explanation for this behaviour although these samples
were grown with great care at industrial research facility at Hitachi GST. Most likely this
could happen in the case of a generic curved nature of the top sample surface which could
possibly arise because of interlayered magnetic strains between different Co/Pd blocks
which were aligned anti-ferromagnetically and giving rise to a overall magnetic curvature
to the complete structure. But the possibility of having a curved substrate could not also be
ruled out.
In order to quantify this, systematic investigations were done both at the top and back
surfaces of the samples which were grown on Silicon (1"×1") and glass (1"×1") substrates
and compared them with similar structures grown on a larger 3" Si wafer. It has been found
in general that the samples grown on glass substrates were more curved than those ones
grown on Si, although the maximum curvature was reduced in the case of samples grown
on larger areas. This indicates that the effect of magnetic strain is minimal for those samples
grown on larger areas as the overall strain influences are distributed over a larger area com-
pared to the cases of 1" samples where the strain/unit area is much larger compared to the
samples grown on 3" wafers. It is also to be noted that the samples grown on 3" Si wafers
had the least curvature in the central region where the effect of strain is minimal and it looks
extremely flat over an area of 1"×1" size which we measured in PNR later. We compared the
curvature measured on these CoPd557 samples with other magnetic samples with similar
materials but with reduced thicknesses where the the strain effect was not found that much.
The maximum curvature estimated from these measurements have been listed in Table 5.3.
Table 5.3: Maximum Curvature as measured for different samples from surface profilometry measurements
Sample Substrate Scanning Maximum
Surface Curvature
CoPd534 3" Si off-cut Top 225nm
CoPd536 1"×1" Glass Top 1940nm
CoPd536 1"×1" Si Top 900nm
CoPd552 3" Si central Top 160nm
CoPd552 Si substrate Bottom 2000nm
CoPd553 1"×1" Glass Top 1180nm
CoPd553 1"×1" Si Top 860nm
CoPd557 3" Si off-cut Top 155nm
PyNb 1cm×1cm Si Top 60nm
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(a) (b) (c)
(d) (e) (f )
(g) (h) (i)
Figure 5.3.3: Surface Profilometry results : (a) Surface curvature measured on the top surface of a CoPd534
sample grown on 3" Si wafer measured over a 10mm scale, (b) Surface curvature measured on the top surface of
a CoPd557 sample grown on 1"×1" glass substrate, (c) Surface curvature measured on a CoPd557 sample grown
on a 1"×1" Si substrate, (d) Surface curvature measured on the CoPd552 sample grown on a 3" Si wafer, (e)
Nature of surface curvature of the back side of a Si Substrate, (f ) Surface curvature measured on the top surface
of a CoPd553 sample grown on a 1"×1" glass susbstrate, (g) Surface curvature measured on the top surface of a
CoPd553 sample grown on 1"×1" Si substrate, (h) Surface curvature measured on the top surface of a CoPd557
sample grown on 3" Si wafer, (i) Surface curvature on the top surface of a PyNb sample grown on a 1"×1" Si
wafer.
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5.4 Polarised Neutron Reflectivity Measurements
The polarised neutron reflectivity (PNR) measurements were performed to investigate the
nuclear and magnetic structure of these thin films. This is particularly useful to obtain the
thickness and roughness of different layers which is required for calculating the muon im-
plantation distribution in the sample for different energies which is essential for LE-µSR
experiments explained in Sec 5.5.
5.4.1 Experimental
The experiments were performed at the AMOR reflectometer located at the SINQ beamline
at PSI. Details about the instrument and experimental set up has been described earlier in
Chapter II. In the present case, the samples used for these experiments were cut in 1"×1" size
from the central region of the samples grown on 3" Si wafers where the sample is measured
to be the flattest to avoid any loss of specular reflected intensities. The sample was stack onto
the sample holder using double sided tape. After initial alignment using a laser beam, the
sample was cooled down to 10K and realigned again. The slit settings used for this case is
to provide a resolution of 5%. The measurements in the normal state was performed under
a range of applied fields ranging from 200G to 1.8T. It should be noted that the CoPd557
samples were magnetically saturated using a out of plane 5T applied field prior to starting
any experiments. In the superconducting state, the measurements were performed in a ZFC
condition at different applied fields.
5.4.2 Data Analysis
The data analysis was carried our using the reflectivity model as described by Blundell et. al
[96]. Due to the symmetric distribution of the FM blocks on both sides of the Nb66Ti33 in the
structure, the complete structure can be assumed to be a simple trilayered F/S/F structure
where each of the F blocks can be considered to be an average block of modified thickness,
number density and scattering length density which can be calculated in the following way,
dF =
n∑
i
di (5.1)
where dF is the thickness of each of the F blocks and di is the thickness of the ith layer. If
a certain specific layer contains a fraction x of one element and fraction y of other element,
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the resulting scattering length density can be written as,
b = xbx + yby = xbx + (1− x)by (5.2)
and the average number density of that layer can be expressed as,
〈n〉 = NA

ρxρy
(
1 +
Nx
Ny
)
ρyAx
(
Nx
Ny
)
+ ρxAy
 (5.3)
where ρ symbolizes the number density, A for atomic weight and Nx, Ny are the numbers
of atoms of elements x and y respectively.
The magnetic structure of different layers were assumed to be flat across the layer with
a constant uniform value. In the S only sample, the magnetisation below Tc has been fitted
using a thickness dependent Meissner kind of magnetic flux profile described by,
M(x) = µ0H0

Cosh
(
x−
ds
2λs
)
Cosh
(
ds
2λs
)
 (5.4)
where ds is the thickness of the superconducting layer and λs is the superconducting pene-
tration depth.
5.4.3 Discussion of Results
5.4.3.1 CoPd557 Sample
The reflectivity behaviour measured for CoPd557 samples in the low field regions have been
plotted in Figure 5.4.1 and Figure 5.4.2 . Clear oscillations can be found from the reflectivity
fringes present in this structure which correspond to the thickness of different layers. The
spin asymmetry at 800G shows minimal splitting of the two spin states (Figure 5.4.1(b)).
This arises because in the low field region, the moments in the FM blocks are aligned out of
plane in the sample and they have negligible contributions towards the magnetic scattering
of the incoming neutrons. In the superconducting state, very little differences are found
in the reflectivity (Figure 5.4.1(c)) and spin asymmetry (Figure 5.4.1(d)) behaviour from the
normal state data. This can be accounted to the type-II nature of the Nb67Ti33 layer with
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a large λs which is of similar order of the thickness of the S layer. For an applied field
of 200G, the reflectivity and spin asymmetry behaviour measured in the normal and the
superconducting states showed a similar kind of behaviour as that of measured at 800G (see
Figure 5.4.1(e), Figure 5.4.1(f), Figure 5.4.2(a), Figure 5.4.2(b). Fitting the data in the normal
state, the nuclear structure was obtained which provides information about thickness and
roughness of different layers from the fit results. The superconducting contribution should
be observed in the form of a change of the magnetisation of the superconducting layer, but
in reality is very little in the present case.
At a higher applied field, a significant fraction of the Co moments are aligned in the
plane of the film which contribute to the spin dependent reflectivity. The magnetic contrast
will be realised in the form of a splitting of the reflectivity components corresponding to
the up and down spin states. The spin asymmetry measured at 1 Tesla in the normal state
has been plotted in Figure 5.4.2(d). In the superconducting state, not much changes were
observed in the spin asymmetry profile (Figure 5.4.2(f)) from the normal state data. At the
highest field measured at 1.8 Tesla, the relative size of the spin asymmetry increases and
it almost reaches the maximum value ≈ 1 (Figure 5.4.3(b)), indicating a strong influence of
the ferromagnetic moments on the S state. Any superconducting contribution towards spin
asymmetry will be much smaller than the contributions from the FM blocks. The values of
magnetisation of the Co layers obtained from fitting the reflectivity data has been listed in
Table 5.4.
Table 5.4: Magnetisation values obtained from PNR fits
Applied Field Magnetisation
(in Gauss) (µ0H in Tesla)
200 0.662(3)
800 0.975(1)
10000 1.452(5)
18000 1.651(2)
5.4.3.2 CoPd552 Sample
The superconducting only sample (CoPd552) was measured to find any evidence of super-
conducting signal in these samples in thin film geometry at T < Tc. The primary oscillations
in the reflectivity pattern corresponds to the thickness of the NbTi layer in the structure (see
Figure 5.4.4, Figure 5.4.5). In the low field region, the spin asymmetry is minimal and in the
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(a) (b)
(c) (d)
(e) (f )
Figure 5.4.1: PNR Results on CoPd557 sample : (a) Reflectivity measured in the normal state (10K) for an in-
plane applied field of 800G, (b) Spin asymmetry measured at 10K (800G), (c) Reflectivity behaviour in the S/C
state (1.8K) at 800G, (d) Spin asymmetry measured at 1.8K at 800G, (e) Reflectivity measured in the normal state
(10K) at 200G, (f ) Spin asymmetry measured at 10K (200G).
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(a) (b)
(c) (d)
(e) (f )
Figure 5.4.2: PNR Results on CoPd557 sample : (a) Reflectivity behaviour in the S/C state (1.8K) at 200G, (b)
Spin asymmetry measured at 1.8K at 200G, (c) Reflectivity measured in the normal state (10K) at 1T, (d) Spin
asymmetry measured at 10K (1T), (e) Reflectivity behaviour in the S/C state (1.8K) at 1T, (f ) Spin asymmetry
measured at 1.8K at 1T.
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(a) (b)
(c) (d)
Figure 5.4.3: PNR Results on CoPd557 sample : (a) Reflectivity measured in the normal state (10K) at 1.8T,
(b) Spin asymmetry measured at 10K at 1.8T, (c) Reflectivity behaviour in the S/C state (1.8K) at 1.8T, (d) Spin
asymmetry measured in the S/C state at 1.8K and 1.8T.
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(a) (b)
(c) (d)
Figure 5.4.4: PNR Results on CoPd552 sample : (a) Reflectivity measured in the normal state (10K) at 800G,
(b) Spin asymmetry measured at 10K (800G), (c) Reflectivity behaviour in the S/C state (1.8K) at 800G, (d) Spin
asymmetry measured in the S/C state at 1.8K at 800G.
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(a) (b)
(c) (d)
Figure 5.4.5: PNR Results on CoPd552 sample : (a) Reflectivity measured in the normal state (10K) at 1T, (b) Spin
asymmetry measured at 10K (1T), (c) Reflectivity behaviour in the S/C state (1.8K) at 1T, (d) Spin asymmetry
measured in the S/C state at 1.8K at 1T.
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(a) (b)
Figure 5.5.1: (a) Muon Stopping distribution as obtained using a Monte Carlo simulation for the CoPd557
sample, (b) Fraction of muons stopping in different layers (corresponding to the stopping profile in left) as a function
of muon implantation energy.
superconducting state, the spin asymmetry does not change much considering the type-II
nature of these films (see Figure 5.4.4(b),(d)). In the high field region, significant increase in
the spin asymmetry has been found which have also been illustrated in Figure 5.4.5(b) and
Figure 5.4.5(d). Surprisingly significant evidence of spin splitting has also been found in
the normal state which is unusual in the absence of any F layers in this structure. However,
the presence of large magnetisation in the Pd layers have been found from the fits. Pd is
a paramagnetic in the low field region, however for large enough applied fields the den-
sity of states in the Fermi level increases significantly and the magnetic susceptibility of the
material becomes comparable to that of a ferromagnet in this limit which is called as Stoner
Enhanced Paramagnetism [128]. Thus in the high field limit, the complete structure of the SC
only sample behaves like a trilayered magnetic structure. In the superconducting state, the
evidence of bulk magnetic screening has been found in the form of Meissner shielding from
the surfaces of the superconducting layer symmetrically towards the centre of the NbTi layer
(see Figure 5.4.5(d)). The flux profile inside the S layer has been fitted by using Eqn 5.4 in the
Meissner state. The value of λs obtained from the fits is 800(50)Å.
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5.5 LE-µSR Measurements
5.5.1 Experimental
The experiments were performed at the LE-µSR facility located at the µE4 beamline at PSI.
The sample was a 4cm×4cm piece cut from a 3" wafer from the central region. The sam-
ple was cut along the crystallographic axis to avoid unwanted strain on the sample. The
sample was saturated out of a plane at an applied field of 5T to obtain a single domain
structure prior to the LE-µSR experiment. The sample was mounted on a Ag plate using
silver paste (Details of the process could be found in Chapter IV). The sample was allowed
to dry overnight to confirm a robust thermal link between the sample and surroundings.
The experimental geometry and the sample have been illustrated in Figure 5.5.2.
5.5.2 Data Analysis
The data analysis has been performed in three independent ways - (a) Time domain analysis
(See Sec 5.5.3), (b) Maximum entropy technique Analysis (See Sec 5.5.4), (c) Field Profile Analysis
(See Sec 5.5.5). Details about these analysis techniques have been discussed in Chapter IV.
5.5.3 Time Domain Analysis
5.5.3.1 Data Analysis
This has been discussed in details in Chapter IV. For the present case, similarly two damping
components have been used to fit the data in the time domain. The final asymmetry could
be written as,
Aµ(t) = {AF e−λF t +ABe−λBt} cos(ωt+ φ) = {AF e−λF t +ABe−λBt} cos(γµ〈B〉t+ φ) (5.5)
where ‘F’ stands for the Fast component and ‘B’ for the slower component (also refered as
Broad Component) of relaxation of the muons, 〈B〉 is the mean field and φ represents the
phase.
5.5.3.2 Discussion of Results
The asymmetry of the fast component of oscillation has been plotted in Figure 5.5.3(a). The
peak of the asymmetry occurs at 12.5keV at the center of the superconducting layer. Near the
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(a)
(b)
Figure 5.5.2: Schematic description for LE-µSR measurement on CoPd557 sample. (a) Front view: The sample
(purple coloured block) has been fixed on a silver plate (circular). The sample is a single piece of 4cm×4cm
size. Additional silver paste has been used (grey dots) to create a good thermal link between the sample and
the silver plate during experiment. The direction of the applied magnetic field has been indicated by the red
arrow. (b) Side view: The sample is the purple coloured block and the black arrows are possible representation
of the magnetic moments which are aligned perpendicular to the plane of the sample. The blue coloured blocks
on both sides of the sample represent the positron detectors placed Left and Right to the incoming muon beam.
Each of the incoming muons has a momentum pµ and spin σµ and arriving at the sample along the direction of
pµ. For this current experimental geometry, σµ stays perpendicular to both the sample moments and the applied
field direction.
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(a) (b)
Figure 5.5.3: Time Domain Analysis Results (as described in Section 5.5.3) : (a) Asymmetry of the fast relaxing
component as a function of the muon implantation energy in the normal (10K) and the superconducting state
(4K), (b) Implantation energy dependence of the asymmetry corresponding to the slower component of the
relaxation function measured in the normal and the superconducting states.
F/S interface, the asymmetry is minimum which is due to the strong damping arising from
the Co/Pd blocks at the F/S interface. The asymmetry corresponding to the slower compo-
nent (broad component) behaves just in the opposite manner to the fast component, max-
imum occurs near the interface and minimum at the center of the film (see Figure 5.5.3(b)).
The major difference of asymmetry between the normal and superconducting state can be
found at 5keV, 6keV (left F/S interface) and 17.5keV (right F/S interface) where the effect of
damping is prominent. The damping due to the slower component has a maximum value
at 6keV and it decreases systematically with an increase in the implantation energy. The
maximum damping arises at the F side where strong exchange field of F leads to muon de-
polarisation. The mean field obtained from the time domain analysis in the normal and the
superconducting states have been plotted in Figure 5.5.4(b) which decays from the interface.
5.5.4 Maximum Entropy Technique Analysis
5.5.4.1 Data Analysis
The data has been analyzed in the frequency domain using the Maximum entropy algorithm
[59]. The data was fitted over a time window of 8-10µS with a time resolution of 1.25nS for
each histograms. In the TF-µSR geometry for LEM measurements, first and third histograms
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(a) (b)
Figure 5.5.4: Time Domain Analysis Results (as described in Section 5.5.3) : (a) Slower component (also called
broad component) of damping of the muon signal as a function of the muon implantation energy in the normal
(red) and the superconducting (green) state, (b) Energy dependence of the mean field 〈B〉 in the normal (red)
and the superconducting (green) state (1 bin = 1.25 ns).
contain data corresponding to left and right detectors respectively. The values of T0, T1 and
T2 has been obtained from the respective histograms using the unbinned data and listed in
Table 5.5 in units of bin numbers. It is to be noted that using a typical time binning of 5, the
Table 5.5: Input parameters for Maxent analysis of LE-µSR data on CoPd557 sample
T0(bin) T1(bin) T2(bin)
3375 3475 65000
data misses some of the important features at the low time region. For this reason, unbinned
data was to used for analysis. The looseness value was kept constant at 1.02 throughout the
analysis with zero apodization.
5.5.4.2 Discussion of Results
The mean field measured using Maxent analysis has been plotted as a function of energy
for different temperatures in Figure 5.5.6(a). The <B> in both the normal and the super-
conducting states have maximum values at low implantation energies of muons and they
slowly decay towards the centre of the film at higher implantation energies. The <B> in the
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(a) (b)
(c) (d)
(e) (f )
Figure 5.5.5: Time Domain Analysis Results (as described in Section 5.5.3) : Spin asymmetry data and fits at
different muon energies and different temperatures (a) 5keV in the normal state (10K), (b) 5keV in the Supercon-
ducting state (4K), (c) 10keV in the normal state, (d) 10keV in the superconducting state (4K), (e) 12.5keV in the
normal state, (f ) 12.5keV in the superconducting state (4K)
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(a) (b)
Figure 5.5.6: Maxent analysis results (in the frequency domain as described in Section 5.5.4: (a) Behaviour of the
mean field 〈B〉 in the normal (red) and superconducting (green) states as a function of the muon implantation
energy. 〈B〉 has the maximum value at the lowest implantation energy which is the position of F/S interface
and decreases towards the centre of the S layer at higher implantation energies). (b) Linewidth(σ) as a function
of the muon implantation energy measured in the normal and the superconducting states.
superconducting state is higher than the normal state values at low energies and it crosses
the 10K values thereafter (7.5keV ≤ E ≤ 17.5keV ). At 20keV, the <B>4K again goes over the
normal state value near the 2nd F/S interface. The continuous fall of the <B> with muon im-
plantation energy is in the similar line of agreement with the mean field behaviour obtained
using time domain analysis. The second moment of field distribution (σ) has been plotted
in Figure 5.5.6(b). σ is an effective measure of the damping of the muon signal inside the
sample. In the present case, σ falls of at higher energies from the F/S interfaces towards the
centre of the S layer at higher energies.
5.5.5 Field Profile Analysis
5.5.5.1 Data Analysis
The data analysis has been performed in an almost similar approach as described in Chap-
ter IV. However, in the present case, an asymmetric field profile provides better fit to the
data both in the normal and the superconducting states. Assuming a spin diffusion over a
characteristic length scale of λ, the field distribution inside the superconducting layer can
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be described as,
B(xi) =
∑
i
Hdie
−xi/λ (5.6)
In the present case, the field profile used for fitting the data can be written as,
B(xi) = Hd1 e−(xi−l1)/λ1 +Hd2 e−(l2−xi)/λ2 +Hsl e−(xi−l1)/λsl +Ho (5.7)
where Hd1 and Hd2 are the field amplitudes at the left and right interfaces respectively with
λ1 and λ2 as their characteristic length scales for decay of the fast component of magneti-
sation within the NbTi layer. Ho is the external applied field and λsl is the length scale
responsible for the slower component of the magnetisation.
5.5.5.2 Discussion of Results
At the lowest energy, the data was first fitted with only a single magnetisation component
and the values of Hd1, Hd2, λ1, λ2 and other parameters have been estimated form the fit.
The second (slower) component of magnetisation was introduced later and the values ofHsl
and λsl have been determined by fitting the data in the time domain. In the present case, the
data was best fitted when the slower decay component is present at the left F/S interface2.
Thereafter the rest of the data sets were fitted with similar sets of parameters to fit the data.
The fast components of magnetisation decays over length scales ∼ 10-25Å. The magnetisa-
tion profile obtained using such a description (Eqn 5.7) at an implantation energy of 6 keV
has been illustrated in Figure 5.5.7. The asymmetric nature of the magnetisation at the two
interfaces can be realised by comparing the heights of the magnetisation at both interfaces
in Figure 5.5.7. The fast components of magnetisation most likely arise due to presence of
interfacial roughness contributing in the form of magnetic inhomogenities in the final mag-
netisation profile. However, the fast components are only dominant in a small region of the
sample very close to the F/S interfaces where muons are most likely to depolarise due to the
close proximity of the F layers. The slow component of magnetisation decays over a length
scale ∼100-200Å , which is possibly an indication of the spin diffusion of electrons from Co
through a F/S interface inside the Nb67Ti33 layer. The variation of the λsl in different parts
of the sample measured at different implantation energies in both the normal and the su-
perconducting states has been illustrated in Figure 5.5.9(b). The value of λsl changes very
little with the change of temperature for specific implantation energies with a mean value
of λsl ∼150Å.
2Unlike the Py/Nb system described in Chapter IV where the slower component of magnetisation has been
found to exist at both F/S interfaces.
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Figure 5.5.7: Field Profile Analysis: The depth dependent magnetisation profile at 6keV in the normal state
(red line) and the superconducting state (green line). The magnetisation profile is of similar shape in both the
cases. However, in the S/C state the field profile moved towards the F sides which is possibly an indication
of the spin polarisation effect from the Cooper pairs. (Inset: The relative shift of the left NbTi interface in the
superconducting state towards the F blocks has been indicated by the blue arrow. This indicates that in the
superconducting state, an additional region of the sample can be seen using muons which was inaccessible in
the muon time window in the normal state.)
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Figure 5.5.8: Field Profile Analysis: Difference of the field profiles between the superconducting state (4K) and
the normal state (10K) calculated for implantation energies of 6keV and 17.5keV. (Inset: The superconducting
contribution towards the magnetisation near the F/S interface indicating the suppression of magnetisation pos-
sibly due to the spin polarisation of the Cooper pairs.
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(a) (b)
Figure 5.5.9: Field Profile Analysis results (as described in Section 5.5.5): (a) χ2 obtained from the fits in the
superconducting state with fixed and free F/S interfaces on both sides of the S layer, (b) The muon implantation
energy (and thickness) dependence of the slower component (λs) of the magnetisation in the S layer.
On cooling below the superconducting transition temperature Tc, the data was fitted
in a similar way and the influences of superconductivity has been realised in the form of
a change of magnetisation near the F/S interfaces (see Figure 5.5.7). The F/S interfaces do
not stay at the same place in the normal and the superconducting states. In the supercon-
ducting state, the data was best fitted when the interface positions are shifted towards the
F sides, away from the S layer which has been illustrated in the inset of Figure 5.5.7. The
data was fitted in the superconducting state in two ways - (a) fixing the interface positions
at the 10K values (which have been fitted in the normal state and found to stay around the real
interface positions) for different implantation energies and (b) allowing the interface positions
to vary freely from their normal state positions symmetrically on both sides of the S layer.
The differences between the two cases has been estimated by the change of χ2 which can be
used as a measure of these fits. The χ2 value obtained in the two different fitting conditions
have been plotted in Figure 5.5.9(a). For all implantation energies, the values of χ2 is smaller
when the interface positions are allowed to vary. It has been noticed that for all the ener-
gies the interface positions move towards the F side systematically and the amount of shift
of the interface positions is ∼ 10-15(1)Å. The superconducting contributions towards the
magnetisation has been measured by subtracting the the two magnetisation profiles (mag-
netisation(2K) -magnetisation(10K)) which has been plotted in Figure 5.5.8. The difference
of the magnetisation between the superconducting and the normal states has been plotted
as across the thickness of the S layer in Figure 5.5.8 for two different implantation energies.
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(a) (b)
(c) (d)
(e) (f )
Figure 5.5.10: Field Profile Analysis results: Spin asymmetry for different muon energies measured at different
temperatures (as described in Section 5.5.5) : (a) at 6keV in the normal state (10K), (b) at 6keV in the Supercon-
ducting state (4K), (c) at 17.5keV in the normal state (10K), (d) at 17.5keV in the Superconducting state (4K), (e)
at 23keV in the normal state (10K) and (f ) at 23keV in the Superconducting state (4K).
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The profile obtained at 6keV (near left F/S interface) and at 17.5keV (centre of the S layer)
are of similar nature.
The fact that the magnetisation behaviour changes in the superconducting state in the
vicinity of the F/S interfaces indicates possible spin polarisation effect of the cooper pairs in
these areas. The magnetic fields in the vicinity of the F blocks are very large and hence very
hard to be measured using muons due to strong depolarisation of muons in these areas. In
the normal state, muons can measure the fields in these areas in the close vicinity of the
Pd layers present at the interfaces. Due to the onset of the superconductivity at T < Tc,
the magnetic environment for incoming muons stay almost the same within the S layer.
However, a slight modification of the field profile has been found to occur near the F/S
interface. This possibly implies that the range of fields which were not accessible at T > Tc
are now accessible within the muon time window. Unlike the case of Py/Nb described in
Chapter IV where the S layer stays in direct contact with the F layers, here the modification
of the magnetic environment occurs via the Pd layers placed within the Co/Pd and NbTi
layers. A cartoon describing this effect has been plotted in Fig 5.5.11. This means that the
magnetisation within the Pd layers which were not measured in the normal state can now
be measured in the superconducting state possibly due to the influence of spin polarisation
of the Cooper pairs near the interfaces.
Considering s-wave pairing of the cooper pairs, this simplistic explanation could be
given in the following way. Owing to the finite coherence length of the cooper pairs, it’s
likely that one of the two electronic spins consisting a Cooper pair find it energetically more
favourable to stay inside the Pd layer with parallel spin polarisation while the other spin
stays in the S layer without breaking the pair correlation. This means all those electrons
located near the F/S interface inside the S layer will possibly form a local magnetic ordering
in a direction opposite to that of the spin polarisation of the F layers without destroying the
superconducting order. This kind of spin polarisation of the Cooper pairs near the F/S inter-
faces at T < Tc has been described in [15] where local superconductivity has been claimed
to influences ferromagnetism by forming a local magnetic order which has also been theo-
retically explained in [35].
5.5.6 Concluding Remarks
The nano-scopic magnetic behaviour of multilayered F/S/F systems with F layers of per-
pendicular magnetic anisotropy have been studied using the technique of LEM and PNR.
The specific kind of F/S/F structure has been designed to reduce the influences of dipolar
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Figure 5.5.11: A cartoon describing the magnetic behaviour for CoPd557 sample in the vicinity of the F/S inter-
faces. The red line is the magnetisation in the normal state which continuously decays towards the NbTi layer.
At T < Tc, an additional contribution (green lines) arises possibly due to the spin polarisation of the Cooper
pairs and which now makes it possible for muons to see an additional region of the sample in the vicinity of
the F/S interface which was not accessible in the normal state. The region marked by (+) indicates an addi-
tion of magnetisation and (-) represents a reduction of the magnetisation as measured by the muons. The spin
polarisation of the Cooper pairs near the interface has been shown by the green circled region.
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fields and interfacial magnetic inhomogeneities in the structure. In conventional F/S trilayer
and bilayered systems, the common problem is in achieving smooth interfaces in a het-
erostructure as most of the interesting coupling effect occur in the vicinity of the interfaces.
In the current sample structure, each of the two F blocks are aligned anti-ferromagnetically
to minimize the influences of direct ferromagnetic couplings on the S layer and to create a
single domain state to realise the novel ground state in this system. The single domain na-
ture of the sample has been confirmed by MFM measurements where no evidence of any
flux leakage or domain boundary have been found. Interestingly we found the magnetic
strain effects in some of these sample structures which effectively made some of the sample
structures curved. The samples grown on 1"×1" substrates were the worst affected by this
effect. The amount of curvature has been quantified and characterised systematically by
using surface profilometry where the least curved areas are found to be present at the cen-
tre of the samples grown on larger substrates (3" Si wafers). Neutron measurements on the
curved samples resulted in off-specular reflectivities which also confirm the curved nature
of these samples. The bulk magnetic behaviour of these samples have been measured using
SQUID magnetometry and VSM techniques. In the normal state, the switching behaviour of
the individual FM blocks have been found while in the superconducting state a clear tran-
sition can be found from the sharp drop of magnetisation around the Tc of the Nb67Ti33.
The polarised neutron reflectivity measurements were carried out to obtain the nuclear and
magnetic structure of these samples. Considering a simplified average behaviour of the FM
blocks, the data was fitted to obtain the thickness, roughness of different layers. In the nor-
mal state, the switching behaviour of different blocks are evident from the spin asymmetry
behaviour of these samples in different field regions. However, minimal evidence of super-
conducting signal has been detected in the T < Tc measurements because of the extreme
type-II nature of the NbTi layer with very large λs which effectively expels most of the flux
from the bulk of the sample. However, the superconducting only sample indicates the ev-
idence of the existence of a Meissner magnetic state with characteristics penetration depth
(λs = 800Å).
The nano-scopic magnetisation behaviour of these samples have been characterised us-
ing the LE-µSR technique as a function of thickness which indicates the the possible evi-
dence of novel coupling effects in the form of a difference in the magnetisation at the F/S
interfaces between the normal and superconducting states. The data analysis have been
performed in the time and frequency domain to obtain information regarding the magnetic
behaviour of the multilayered system. Although analysis in the time and frequency do-
mains indicate a similar kind of magnetic behaviour in the form of a decay of magnetisation
from the F/S interfaces towards the centre of the S layer, but the spatial information are
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missing through those methods of analysis. In order to find the spatial distribution of field
in different parts of the sample, the data was fitted in the time domain considering a depth
dependent magnetic field profile in the S layer. The best way the data can be described is by
using a two component asymmetric magnetic field profile, where magnetic field is decaying
from the interfaces over two characteristic length scales. The smaller length scale ∼ 1-2nm
possibly originating from the interfacial roughness originating from the F/S interfaces while
the longer length scale∼ 10-20nm possibly corresponds to some kind of spin diffusion from
the Co within the Nb67Ti33 layer. This indicate the presence of spontaneous spin current in
the sample. In the superconducting state, systematic evidence of the superconducting con-
tribution was found in the form of a modification of the S layer possibly originating from
spin polarisation of the Cooper pairs near the F/S interfaces. However, the size of this effect
is very small and it arises in a region of the sample where most of the interesting coupling
effects can be realised using nanoscopic probes like muons.
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6.1 Introduction
6.1.1 Phase diagram of Cuprate Superconductors
The family of high Tc cuprate superconductors has been an active topic of research in con-
densed matter physics since its discovery [129] for its unusual anisotropic electronic be-
haviour manifested in the superconducting and magnetic properties in different parts of the
phase diagram. Compared to the conventional BCS superconductors [9], these materials are
insulators in the normal state in the absence of any doping and the conducting properties
are tunable with the presence of doping in the system. The electronic anisotropy arises due
to the 2D layered structure of these materials, where CuO2 planes are lying normal to the
crystallographic c-axis of the crystal structure containing mobile charge carriers responsible
for strong electronic condensation in the superconducting state [8]. The inter-planer elec-
tronic correlation along the c-direction is weaker than its in-plane counterpart owing to the
presence of localized charged carries with very little conduction along the c-direction. The
generic phase diagram of these materials is characterised by an antiferromagnetic, pseduo-
gap and the superconducting phases arising for different levels of doping, characterized by
their respective transition temperatures TN , T ∗ and Tc in different parts of the phase diagram
(see Figure 6.1.1). In the absence of any doping, the Cuprates behave as Mott Insulators where
the electronic states are virtually frozen at localised sites (minima of the ionic potentials) to
minimize the potential energy on account of coulomb repulsion. In order to reduce the ki-
netic energy, virtual hopping occurs between different lattice sites without much change
in the potential energy. As the electrons are highly localised in these materials, so neigh-
bouring electronic states on the same site have to be oppositely spin aligned with respect to
each other following Pauli principle. The ground state is thus doubly occupied with antifer-
romagnetic (AFM) ordering in the system. The pseduogap state emerges below T ∗ with a
decrease in the density of states at the Fermi level (EF ). The pseduo-gap state shares features
of a conducting phase (conducting but not Fermi liquid type completely), superconducting
phase (d-wave nature of the superconducting gap around the Fermi surface). The supercon-
ducting state exists only in a small part of the phase diagram to a maximum temperature Tc.
However, the contribution of the pseduogap states towards the superconducting conden-
sate and associated energy gap is not clearly understood yet. A range of experiments (An-
gle Resolved Photoemission Spectroscopy [130, 131, 132], Scanning Tunneling microscopy
[133], Raman Spectroscopy [134, 135] etc) were performed to explain the mutual competi-
tion between the two energy scales towards superconductivity and most of the experimental
evidences support the mutual disagreement between them [135, 132, 136, 134, 133, 137, 131]
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except in the four nodal points in the energy space. The experimental evidence suggest the
coexistence of the two phases possibly arising from different parts of the Fermi surface.
6.1.2 Magnetic nature of the Superconducting phase
The superconducting state arises at a higher level of doping above the pseduogap phase
which was first described by the Lawrence-Doniach model [5] to describe the layered quasi-
3D superconducting structure of these materials considering the magnetic contributions are
mostly originating from the superelectrons located in the CuO2 layers. The 3-dimensional
nature of the vortex lattice could be realised considering the inter-planer electromagnetic
and Josephson interactions which couples neighbouring CuO2 planes. However, the strength
of coupling also depends on the anisotropy of the material quantified by γ1 = λc/λab where
λab and λc are the superconducting penetration depths in and out of the plane of the mate-
rial for screening currents flowing in their respective directions. A large value of γ leads to
a smaller correlation and larger anisotropy in these materials. A variety of phases exists in
the superconducting state in different parts of the magnetic phase diagram which have been
depicted in Figure 6.1.1(b). Meissner phase [3] exits at the lowest field limit in the supercon-
ducting state at low temperature. In the presence of an applied magnetic field above Hc1,
magnetic flux starts penetrating inside the superconducting material in the form of flux lines
and the structural rearrangement of the flux lines in different field and temperature regions
govern the magnetic behaviour in this part of phase diagram which can be measured us-
ing a variety of experimental techniques like µSR [140, 141], SANS [142], Hall sensor based
magnetometry [143, 144] etc which have been theoretically justified [145, 146, 60, 147]. Im-
mediately above the Meissner region, the onset of flux lattice under the influence of weak
quenched disorder is marked by the Bragg Glass phase in the bottom left corner of the phase
diagram [148, 149]. The name Bragg Glass comes from the observation of Bragg peaks aris-
ing from the quasi-long range order of the flux lines similar to a solid phase which can be
confirmed from the SANS measurements [55] in this region. The long range translational
ordering decays following a power law in the Bragg Glass phase which was experimentally
found using SANS [149]. In this context, the effect of pinning on vortex lattice structure
needs to be considered [150]. In the mixed phase of a conventional type-II superconductor,
the effect of pinning has significant influence on the motion of the flux lines. The pinning
sites act as a source of attractive potential which can trap flux lines and fix them in space [5].
From this part onwards, the description of magnetic phases mentioned are mostly related to
1γ
YBCO
∼ 5 [138, 55], γ
LSCO
∼ 30 [7], γ
BiSCCO
∼ 150 [139]
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(a) (b)
Figure 6.1.1: (a) Generic phase diagram of cuprate superconductors for various doping levels - UD (Under-
doped), OPD (Optimally Doped) and OD (Overdoped). The superconducting phase exists only in a part of the
phase diagram over a specific window of doping. (b) Vortex lattice structures present in different parts of the
superconducting phase diagram (on a H-T plane), the solid lines represent the phase boundaries. The purple
line on extreme right is the macroscopic irreversibility line.
the Bismuth Strontium Calcium Copper Oxide2 (BiSCCO) family of superconductors.
Pinning in a solid material arises as part of the growth process due to the presence of
impurity atoms or defect sites or misplacement of atoms and its almost impossible to grow
a material without any pinning imperfection. Sometime artificial pinning centres or defects
are introduced in type-II superconductors by way of bombarding heavy ions like Galium or
Uranium for commertial applications. The pinning sites act as a source of attractive potential
zones [Vp(r) ∼ −V0e−r2/σ2p ] for vortices. For layered superconductors like Cuprates where
vortex arrangements are mostly planar in the form of 2D pancakes, the pinning mechanism
contributes significantly for vortex rearrangements in different parts of the phase diagram.
The effect of artificial pinning on the vortex phase diagram of cuprates has been discussed in
details in [55]. The effect of pinning is stronger at lower temperatures and with an increase
in the thermal excitation, the localised vortex pancakes will overcome the pinning barrier
and will be more mobile. For BiSCCO, the pinning potential strength corresponds to a char-
acteristic temperature Tp ∼15K [151] which is independent of externally applied magnetic
field. In the vortex liquid state, the pinning effect is negligible and the pancakes move al-
most freely in plane, similar to a liquid like behaviour. At higher fields at low temperature,
the competition between the defect pinning and increased inter-vortex interaction leads to a
2With generalised chemical formula Bi2Sr2Can−1CunO2n+4−δ , δ is the level of doping
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decrease in the overall correlation which is a signature of glassy phase.
Due to the layered quasi-2D nature of the crystal structure, the flux structure is possibly
made up of pancake vortices lying in the CuO2 planes. The in-plane repulsion between the
vortices is significantly stronger than the inter-planer coupling which can be associated with
the extreme anisotropy of these materials. In the low field limit, the inter-planer pancakes are
coupled via Josephson and electromagnetic coupling to form 3D vortex lines aligned par-
allel to c axis of the crystal which is realised in the form of Vortex Solid phase in the bottom
left corner of the phase diagram in Figure 6.1.1(b). With an increase in temperature, the
vortex lattice goes through a first order phase transition across the Melting line to a vortex
liquid state [142, 140, 141, 152, 143, 153] followed by the irreversibility line [154]. At elevated
temperatures, the effect of thermal excitations on the lattice vibrations can be described by
using Lindeman criterion which states that the mean squared amplitude of thermal fluctu-
ation 〈u2〉th needs to be lower than a certain fraction (cL) of the equilibrium lattice constant
ao to fulfill the stability criterion [145],
〈u2(Tm)〉th ≈ c2La2o (6.1)
where Tm(B) is the Melting temperature characterising the shape of the Melting transition line
for a broad range of magnetic fields. For this specific case, Lindeman criterion is satisfied for
a value of Lindeman number cL ≈ 0.1 – 0.2 which has been experimentally calculated [140]
and theoretically estimated considering several approaches - density functional theory [155],
Monte Carlo simulation based on frustrated XY model [156, 157], Lawrence-Doniach Model
of layered superconductors [158]. In the field direction, the vortex structure goes through
a dimensional crossover [159] from a vortex solid phase to a disordered glassy state as the
in-plane repulsion between the pancake vortices goes over the inter-plane attraction. This
also includes the contributions of pinning which locally fixes the vortices in space at specific
locations to induce this glassy behaviour [142]. From the Bragg glass phase, the transition
towards the liquid or glass phases have been accepted to be first order in nature. However,
this is not yet clear whether both these phase boundaries join together at low temperature
to form a continuous phase boundary at T → 0 [144, 160]. It is to be noted that above
the melting line, the lattice structure becomes more disordered with an increase in thermal
fluctuations and the translational correlations are lost which is called as the Disordered Liq-
uid phase of the material [147, 60]. Above the melting line, the superconducting phase is
expected to join the normal phase at Hc2 smoothly in the phase diagram in the absence of
any pinning. In the presence of a magnetic field, the resistive transition broadens as the
relaxation is much higher for high-Tc materials near Tc compared to the low-Tc materials
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because of their higher transition temperatures. The magnetisation process for high-Tc ma-
terials is thus highly reversible for a wider temperature region below Tc which is separated
from the region of irreversible magnetic behaviour by a boundary marked as the Irreversibil-
ity (IR) line. Experimental evidences of an IR line can be found from bulk magnetisation
measurements which follows a power law dependence between field and temperature as
Hirr(T ) ∼ (Tc − T )1.5 [5].
6.1.3 Motivation
In this work, the magnetic phase diagram in the superconducting state of Bi2Sr2Ca2Cu3O10−δ
or BiSCCO-2223 (OD) has been investigated using the µSR technique. Probing the local
correlations experimentally is difficult using macroscopic measurement techniques as the
macroscopic behaviour is often limited by the irreversibility of the flux lines. Muons are
local probes of magnetic fields and with a finite penetration depth in the material under
investigation, it can provide microscopic information regarding the structural and disor-
der induced transitions for different applied fields and temperatures. The superconducting
penetration depth is inversely proportional to the square root of the width of the field prob-
ability distribution function p(B) [161] and by analysing the lineshape, useful information
about the vortex lattice structures may be obtained [161, 52, 162].
The microscopic phase diagram of BiSCCO system has been studied earlier using µSR
and SANS which provide evidence of solid, glassy and vortex liquid phases. Most of these
phases were theoretically justified including the recent work on the vortex liquid behaviour
of LSCO system in terms of a 3-body correlation [163]. However, justification of the same
in the BiSCCO system has not been provided yet. Recently BiSCCO-2212 system was inves-
tigated extensively where evidence of a novel frozen liquid phase [1] has been found in the
intermediate field region between the Bragg Glass and Vortex glass phase in the form of a
triangular lagoon [1]. In the present case, a similar system has been studied to understand
the behaviour of the phase diagram and in order to find the evidence of vortex lattice melt-
ing and rearrangements of the vortex lattice structure as a function of the applied field and
temperature. In specific, this is in order to find evidence of the novel frozen liquid phase that
we have also observed in BiSCCO-2212 [1] to confirm the generic nature of our observations.
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(a) (b)
Figure 6.2.1: Determination of Superconducting transition temperatures for BiSCCO samples used in µSR mea-
surements (a) Temperature dependence of magnetisation of BiSCCO-2223 aligned powdered samples measured
in a ZFC state for an in-plane applied magnetic field of 50G and (b) Temperature dependence of real part of mag-
netic susceptibility (χ/) for the BiSCCO-2223 single crystalline samples (UD [100±2K], OPT [110.5±2K] and OD
[107±2K]) as reported in [165].
6.2 Measurements on BiSCCO - 2223 single crystals
6.2.1 Sample Details
Single crystals of BiSCCO-2223 have been grown by the group of Prof. Øystein Fischer at
the University of Geneva, Switzerland using floating-zone technique. Details of this growth
technique could be found elsewhere [164, 165]. The samples were annealed in a post growth
condition at 800K for nearly 10 days under various oxygen concentration for tuning the hole
concentration uniformly in the sample. It is to be noted that these crystals are very rare to
obtain because of the difficulty involved in the growth of these high quality crystals [164].
These samples are superconducting with the highest critical temperature (Tc)= 107.5K [165]
at the optimal doping condition (see Figure 6.2.1(b)).
6.2.2 Experimental Details
The experiments were performed at the GPS spectrometer located at the piE4 beamline at PSI,
Switzerland. For the µSR measurements, a sample mosaic was prepared from the pieces of
single crystals arranged to fill the area of the sample holder. Because of the low volume of
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the sample (≈12mg), a significant fraction of the incoming muons land on the sample holder
or miss it and in order to reduce this, the sample was covered from both sides using multiple
layers of kapton films to stop the muons within the sample area as the sample thickness was
very small. However, this arrangement gave rise to a very low sample asymmetry along
with a huge presence of background arising from the sample holder and kapton3 layers
which was measured separately. However, the peak at the higher field which is estimated
to be the background contribution changes with temperature and applied magnetic field
which makes it hard to analyse and separate out the sample contribution from the data. It
was difficult to get completely rid of the background as the sample volume was not enough
to stop all the incoming muons within it. However, in order to reduce the background effect
from the sample signal, the kapton layers from the back of the sample was replaced with a
block of hematite (Fe3O4) which is antiferromagnetic and rapidly depolarizes those muons
not entering the sample. This gave rise a constant background of lower amplitude than the
earlier case which stayed constant independent of the changes in temperature and applied
magnetic field.
The experimental arrangement of this instrument has been described earlier in Chapter
II. For the present experiment, the sample was field cooled from the room temperature down
to 5K. The temperature scans were performed at specific fields to understand the behaviour
of the vortex lattice structure and find evidence of lattice transitions. In the low field region,
the temperature scans were taken with smaller steps as the superfluid density and associated
electronic properties varies significantly in this region. The field region of observation was
50 - 6400G. A total of five positron detectors were employed for careful detection of positrons
placed at the Forward, Backward, Up, Down and Right direction to the incoming muon beam
with a background veto for correction of the histograms from those muons not hitting the
sample as spurious counts. Each data point was counted for 15-18 million positron events
with a time range of observation of ∼ 10µs.
6.2.3 Data Analysis
In the case of a TF-µSR experiment, the time dependence of the positron counts recorded in
different histograms can be expressed as,
Nµ(t) = N0
e−t/τµ
τµ
[1 + aPµ(t)] +NBG (6.2)
3Kapton is a polymide material mostly used for cryogenic applications because of its thermal and dielectric
stability over a wide temperature range from -273o to 400oC.
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(a) (b)
Figure 6.2.2: (a) A sample µSR lineshape measured at 50K/340G (red points) described by multiple Gaussians
(solid lines). Each of the Gaussians are characterized by their respective modes marked by the dotted arrows.
(b) The phase diagram of BiSCCO-2223 crystalline sample in the vortex state as measured by A. Piriou et. al
[165] using bulk magnetometry using SQUID.
whereN0 is the normalization constant, τµ is the muon life time,NBG is the time-independent
background contribution, a is the maximum asymmetry for this specific detector arrange-
ments used and Pµ(t) is the time evolution of the muon spin polarisation which can be
described as,
Pµ(t) =
∫ ∞
−∞
P (B) cos(γµBt+ φµ)dB (6.3)
where γµ = 2pi × 135.5342 MHz/T is the gyromagnetic ratio of the muons and φ is phase
associated with it. The field distribution p(B) can be expressed by taking the Fourier trans-
form of the time domain signal [166]. In the superconducting state, the field distribution
function can be used to describe the behaviour of the vortex lattice structure characterised
by different moments associated with the line shape P (B). The asymmetric field distribu-
tion profile in the superconducting state gives rise to a muon spin polarisation which can be
described in the time domain by a series of Gaussian frequencies as [167, 168],
Pµ(t) =
N∑
i=1
Aie
−σ2i t2 cos(γµBit+ φµ) (6.4)
whereAi, σi andBi are the asymmetry, relaxation and field of the ith component of the Gaus-
sian component respectively. In the frequency domain this can be expressed equivalently as
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[169, 170, 137, 171, 172],
P (B) =
(
γµ√
2pi
)
1∑
iAi
N∑
i=1
(
Ai
σi
)
exp
(
− γ
2
µ(B −Bi)2
2σ2i
)
(6.5)
The complete field probability distribution representing the lineshape can thus be described
by a summation ofN Gaussian components of width
(
σi
γµ
)
at mean fieldsBi. In Figure 6.2.2(a),
a sample muon lineshape in the superconducting state has been described by a sum of four
Gaussians of different modes which were marked by the dotted arrows. This method can
capture most of the contributions to the lineshape to describe the magnetic behaviour of the
superconducting state. In the present analysis, the data was fitted using 3 Gaussian com-
ponents with different frequencies. Owing to the smaller amount (∼12mg) of the sample
volume, the experimental data contained a significant contribution from the background
and in this case, the time dependence of spin asymmetry can be written as a combination of
the background and sample contributions with respective frequencies as,
A(t) =
2∑
i=1
Aie
−σ2i t2 cos(ωit+ φi) +Abe−σ
2
b t
2
cos(ωbt+ φb) (6.6)
where Ab, σb, ωb are the asymmetry, relaxation and frequency of the background compo-
nent and similar quantities with subscript i refers to the ith component of the Gaussian
function describing the sample contribution towards asymmetry. The background compo-
nent was obtained from the data measured at the lowest temperature and field value and
was kept constant for the rest of the analysis as it is independent of any external applied
field and temperature variation and should remain constant throughout the measurement
process. The moments associated with the field distribution can be obtained from the fit-
ted components associated with the time domain signal. The mean field can be written as
[169, 170, 137, 171, 172, 162],
〈B〉 =
∫ ∞
−∞
P (B).B.dB =
1∑
iAi
∑
i
AiBi (6.7)
The second moment which is a measure of the width of the field distribution can be ex-
pressed by,
〈∆B2〉 = 1∑
iAi
∑
i
Ai
[(
σi
γµ
)2
+ (Bi − 〈B〉)2
]
(6.8)
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and the 3rd moment of field distribution as,
〈∆B3〉 = 1∑
iAi
∑
i
Ai
[
3
(
σi
γµ
)2
(Bi − 〈B〉) + (Bi − 〈B〉)3
]
(6.9)
The data analysis was performed in the time domain using the MUSRFIT package based
on the CERN based minimization routine MINUIT2 [56, 57] and calculation of different or-
ders of moments and error analysis was done using numerical fitting routine based mostly
in MATLAB. Few lineshapes were obtained in the frequency domain using Maxent (see
Chapter-II for details) which were used for simulating the sample lineshape to obtain λs, ξs
describing the superconducting state.
6.2.4 Discussion of Results
The representative muon lineshapes obtained from the Maxent analysis in the frequency
domain in different parts of the magnetic phase diagram in the vortex state have been il-
lustrated in Figure 6.2.5. The lineshape obtained from the Maxent analysis in the low field
and temperature region (75G/5K) has been illustrated in Figure 6.2.5(a) where the presence
of the background component could be found from the large sharp peak at the higher field.
It is to be noted that the background peak can be fitted by a single Lorentzian function
(∼ exp{−(h − ho)/σb}) with a fixed mode (at h0) and width (σb) independent of temper-
ature and field changes. Assuming a Gaussian rounded core structure of the flux lines,
the real space field distribution in the superconducting state arising in the presence of a
flux line can be described by a Hankel function4 and the resulting field probability distri-
bution can be calculated to describe the behaviour of the vortex lattice structure. In Fig-
ure 6.2.5(a), the smaller sample peak at low field was simulated using an isotropic hexago-
nal lattice structure in the presence of a 5% disorder to describe the superconducting state
with λs = 1500±50Å with a vortex core radius ξs = 10Å. The line shapes illustrated in Fig-
ure 6.2.5(b),6.2.5(c) and 6.2.5(d) were obtained by subtracting the background contribution
from the lineshapes obtained using Maxent analysis. The values of σ, α, 〈B〉 and other pa-
rameters describing the lineshape have been obtained by fitting the time domain data using
the method described in Sec 6.2.3. By combining the values of σ, α obtained at different
fields and temperatures systematically, the overall magnetic behaviour of the system could
be depicted very nicely by interpolating the measured data points over the B-T plane to
construct a magnetic phase diagram (see Figure 6.2.3 and Figure 6.2.4). The z-axis (represented
by the coloured bar in extreme right corners in Figure 6.2.3 and Figure 6.2.4) in the coloured plot
4This has been described in details in Chapter - I.
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represents the skewness parameter (α) or the linewidth (σ).
The representative lineshapes of different regions of Figure 6.2.3 and Figure 6.2.4 have
been illustrated in Figure 6.2.5(b), Figure 6.2.5(c) and Figure 6.2.5(d). Systematic differences
between the lineshapes could be characterised by comparing the values of their σ and α.
The lineshape in Figure 6.2.5(b) has a positive value of skewness α which is in the Bragg
Glass Phase of Figure 6.2.3 (Region 1). At a higher temperature, the lineshape corresponds to
a negative value of α as illustrated in Figure 6.2.5(c). The lineshape in the high field at low
temperature limit has been shown in Figure 6.2.5(d) (Region 3 in Figure 6.2.3 and Figure 6.2.4).
The phase diagram in the Figure 6.2.3 and Figure 6.2.4 has different regions with specific
combinations of α and σ to describe the mixed state of the superconductor. Overall, in the
low field region at low temperature, an Abrikosov lattice state can be found in the absence
of any disorder which changes to a Bragg Glass phase (Region 1 in the Figure 6.2.3 and Fig-
ure 6.2.4) in the presence of quenched disorder [145, 150]. The low field region and high field
region of the phase diagram are well understood and structural transitions occurring with
the change of temperature in these two regions from a α > 0 to a α < 0 state are also theoret-
ically justified. However, the nature of correlation in the intermediate field region (Region 2
and part of the Region 4 [at intermediate fields] in the Figure 6.2.3 and Figure 6.2.4) and the order
of transition (if any ?) in this region with change of temperature is not yet very clear. From
this point onwards, the behaviour of different parts of the phase diagram and natures of
field and temperature driven transitions between the different regions will be explained.
The temperature dependence of the linewidth (σ) has been plotted in Figure 6.2.6(b).
The generic nature of the superconducting transition could be seen from the reduction in
the line-widths above the superconducting transition temperature (Tc ≈107.5K [165] at the
Hc2 boundary). The quasi-long range order in the Bragg glass phase (Region 1 in Figure 6.2.3
and Figure 6.2.4) corresponds to a quasi-3D lattice structure [148] resulting in the large posi-
tive value of σ and skewness α (see Figure 6.2.3 and Figure 6.2.4). At low magnetic field, the
vortex lattice undergoes a Melting Transition with an increase in the temperature which can
be seen from the temperature dependence of α plotted in Figure 6.2.6(a). In the low temper-
ature region, the effect of pinning is significant which can locally trap the vortex pancakes
in the ab-plane allowing longitudinal correlation along the c-axis reflected in α > 0 which
becomes negative in the liquid phase with a reduction in the LRO. At an elevated temper-
ature T > Tm(Melting Temperature), the pancakes can move freely in the CuO2 plane which
reduces the range of accessible fields due to a reduction of the correlation along the c-axis
in the µSR linewidth. Considering a certain specific temperature Tdp characterising the pin-
ning strength, the vortices will be able to overcome the effect of pinning potential when the
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Figure 6.2.3: Magnetic phase diagram in the vortex state of BiSCCO-2223 crystals in a Field-Temperature (B-T)
plane using the data collected in µSR measurements. The 3rd axis (represented by the colour bar on extreme right
of the plot) denotes the skewness α related to the 3-body correlations C(3)(q1, q2) in the flux lattice. In different
regions of the phase diagram, the nature of correlation and vortex lattice structure is different which have been
explained in Section 6.2.4. Qualitatively in Region 1 : Bragg Glass Phase with α > 0 representative of a vortex
solid phase [140, 142, 143], Region 2 : α < 0 with a reduction in σ from the vortex solid phase identified here as
Novel Frozen Liquid Phase (see text for details) [1], Region 3 : Vortex Glass phase with α>0 and low σ, Region 4 :
Macroscopic phase region above IL marked by a change of α from Region 1 and 3. (Use Figure 6.2.4 in combination
to understand the phase diagram). Slight discontinuity in the value of α could be seen in the region near Tc possibly
because of the lower (and non-uniform) density of data points in this region.
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Figure 6.2.4: Magnetic phase diagram in the vortex state of BiSCCO-2223 crystals in a Field-Temperature (B-T)
plane - The 3rd axis denotes the linewidth σ of p(B) connected to the structure factor S(q), a measure of the
two-body correlation. An additional contribution arises due to the temperature dependence of the σ with in-
plane penetration depth λab in the London limit : σ(T ) ∝ λ−2ab (T ). The phase diagram has been explained in
Section 6.2.4. Qualitatively different regions of the diagram can be explained as follows : Region 1 : Vortex
Lattice Phase with large σ [140, 142, 143], Region 2 : This region can be distinguished with a sharp reduction
in σ from the vortex solid phase identified here as Novel Frozen Liquid Phase (see text for details) [1], Region 3 :
Vortex Glass phase with α>0 and low σ, Region 4 : Macroscopic phase region above IL marked by a change of
α from Region 1 and 3. (Use Figure 6.2.3 in combination to understand the phase diagram)
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(a) (b)
(c) (d)
Figure 6.2.5: Muon lineshapes p(B) obtained from MaxEnt analysis in different parts of the magnetic phase
diagram for 2223 crystals - (a) At 5K/75G, A typical lineshape has two peaks, the larger peak in this case is the
background contribution and the green line is the simulation to describe the sample peak, (b) 35K/100G - Bragg
Glass Phase, (c) 500G/90K - Vortex Liquid Phase, (d) 6400G/5K - Vortex Glass Phase : the sample peak (red line)
has been obtained by subtracting the constant background from the original lineshape in these three cases (b),(c)
and (d) [see Section 6.2.4 for details].
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thermal excitation will be enough to overcome the pinning barrier. Thus at temperatures
T > Tdp below the melting line, the pancake vortices move freely with an increase in the
3-body correlation. This means that in the low temperature region, the vortices most likely
loose an extra degree of freedom in the presence of pinning. However, evidence of irre-
versibility can not be seen from the µSR as the lattice symmetry does not change much in
this region above the melting line and macroscopic evidence of irreversibility can be found
from bulk magnetisation measurement as described in [165] for these samples.
The negative value of α in the vortex liquid phase has been theoretically described for
La1.9Sr0.1CuO4 system using a combination of 2-body and 3-body correlation functions by
Menon and Lee et al [163]. The 3rd moment of the field probability distribution function
p(B) can be written in that case by taking a spatial average [173, 60] over the sample as,
〈∆B3〉 ∝ B
(2pi)4Φ0
∫∫
S3(q1,q2)b(q1)b(q2)b(−q1 − q2)dq1dq2 (6.10)
where b(q) is the fourier component of field arising from a single vortex core and the triplet
structure factor S3(q1, q2) could be described in terms of the 3-body direct correlation func-
tion C(3) as,
S3(q1q2) = S(q1)S(q2)S(| − q1 − q2|)× [1 + ρ2C(3)(q1,q2)] (6.11)
where ρ is the average liquid density [60] and the second moment of distribution could
similarly be expressed as [161],
〈∆B2〉 = B
(2pi)2Φ0
∫
q 6=0
S(q)b(q)dq (6.12)
where S(q) is the conventional 2-body structure factor which is a measure of the two-particle
correlation function [163]. S(q) stays positive with a change of temperature in the liquid
phase. However, the 3rd moment changes sign with an increase in the temperature. The mu-
tual competition between the different field components contributed by different regions of
the lattice in real space reflect the sign of the third moment. The skewness α is the ratio be-
tween the 3rd and the 2nd moment of p(B) and a negative value of the 3rd moment in this re-
gion makes α < 0 as σ is positive. This demonstrates the manifestation of the many-particle
behaviour in the form of a 3-body correlation in the liquid phase. The 3-body correlation
could be associated with the coupling between the vortex pancakes in and out of planes (in
the same CuO2 layer or coupled over a few CuO2 layers along the c-axis). It is to be noted
that the 3-body correlation is highly localised and effective over a few lattice spacings. In a
µSR experiment, muons can’t resolve the detailed nature of the triplet correlation (in-plane
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(a) (b)
Figure 6.2.6: Temperature dependence of (a) skewness α and (b) line-width(σ) for different values of applied
fields measured for BiSCCO-2223 single crystalline samples.
or out of plane) as muons can sense a magnetic field environment screened over a distance
of λs.
Another vortex transition occurs with field at low temperatures from a solid to a glassy
phase. The field induced vortex transition can be realised from the change of σ with field
plotted in Figure 6.2.7. In both the plots, the sharp transition in σ with field at a constant
temperature indicates a a loss of c-axis correlation towards the high field region. In the
low field limit, the vortex lattice is in Bragg Glass phase behaving like a quasi-3D solid and
with an increase in the external field, the density of flux lines increases. The longitudinal
coherence in the lattice structure gets affected in the strong presence of pinning and repul-
sion between the pancake vortices. Considering the high level of intrinsic anisotropy of
the cuprates (for BiSCCO∼150), the in-plane arrangement of pancakes energetically prefer
them to sit on a defect/pinning site in the low temperature region. However, due to the
enhanced electromagnetic interaction between the pancakes, the vortices are less rigid in
this case which increases the transverse spatial fluctuation with wave vector qz parallel to
the vortex axis. The combined contribution of these two leads to an effective loss of the
longitudinal correlation and the 3D vortex ordering [55]. The dynamics of this phase will be
governed by a mutual competition between the in-plane (electromagnetic) and inter-layer
(Josephson + electromagnetic) couplings. With the change of applied field at a fixed temper-
ature, the effect of pinning remains the same. However, as the density of vortices changes
with the change of applied field, so the effective scale of disorder changes with field which
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(a) (b)
Figure 6.2.7: Field dependence of the (a) linewidth parameter σ, skewness α measured at 5K and (b) line-
width(σ), skewness α at 50K measured for BiSCCO-2223 single crystalline samples. Different regions in these
two plots separated by the dotted lines could be correlated to the 2D coloured phase diagrams in Figure 6.2.6.
is manifested in the behaviour of α and σ leading to a glassy phase at higher field.
On carefully looking at Figure 6.2.7, one can see additional features associated with the
change of vortex lattice structure other than a transition from solid→ glass phase. With
an increase in the external applied field the linewidth first decreases and increases there-
after reaching a constant value at higher field values. However, α does not follow the same
trend - in the low field region, it is positive and large and in the intermediate field region, it
suddenly decreases to a negative value which becomes positive again at higher fields. The
intermediate transition occurs around 1000G. This field dependent reentrant behaviour of α
has also been found in BiSCCO-2212 [1]. As α is the ratio between two different moments,
so the sign change of α occurs mostly because of the negative value of the 3rd moment of
p(B) as σ stays almost constant at a positive value in this field region indicating that the
nature of 2-body correlation does not change with a change of field in this case. The nega-
tive value of the 3rd moment in the vortex liquid state was accounted for a decrease in the
3-body correlation in that phase [163].
This behaviour of α in Region 2 (in Figure 6.2.7) corresponds to an decrease in the correla-
tions from Region 1 (in Figure 6.2.7) in the system. The second moment described in Eqn 6.12
is directly related to the 2-body correlation which stays almost constant between Region 2
and Region 3 (in Figure 6.2.7), indicating the domination of pinning at this stage leaving
vortex pancakes localised and hence the 2-body nature of correlation. However, in the high
field region there will be a combined contribution of pinning and 2-body correlation in the
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system. The α < 0 state thus shares some features of the glassy and liquid phase, although it
is clearly separated from both these phases by its characteristic α and σ. Bulk magnetisation
measurements in this region made for BiSCCO-2212 indicate strong irreversible behaviour
in this region indicating the differences of this phase from a liquid state where the vortices
are free to move [1]. This clearly indicates the presence of a new Frozen Liquid state in the
form of a lagoon (see Region 2 in Figure 6.2.3 and Figure 6.2.4) also observed in the case of
BiSCCO-2212. In this phase, the spatial correlation of the vortices are almost similar to a
liquid phase, while the localized nature of the pancakes are identical to that of a 3D corre-
lated phase. In the phase diagram in Figure 6.2.3 and Figure 6.2.4, the existence of a 3-body
correlation is non-trivial everywhere (except the Bragg Glass region) and probably it does not
change much with the change of temperature and applied field. Starting from a α > 0 state
at a constant applied field, the system moves to a α < 0 state at low temperature. However,
this transition of α is not necessarily associated with any thermodynamic transition. The
transition from a α > 0 to a α < 0 state can happen for a liquid phase. In the present case,
the line characterising α > 0→ α < 0 transition crosses with the IL and at the point of cross-
ing, one can freeze in the correlations from this point towards the lowest temperature. This
Frozen Liquid State might also contain a mixture of the glassy and the liquid correlations. It
is to be noted that exact nature of the behaviour of this part of the phase diagram is very
difficult to probe using numerical or theoretical calculations.
6.3 Measurements on BiSCCO - 2223 aligned powder
6.3.1 Sample Details
The samples have been provided by Charles Simon from Cean, France. The crystallites were
aligned in the presence of strong magnetic field along the crystallographic c-axis. Later on
this aligned powder was pressed at a high force for several hours to form a large crystal
pellet.
6.3.2 Experimental Details
The experiment was performed at the GPS spectrometer at PSI, Switzerland. The tempera-
ture range of observation was 5-120K over a field region of 50-6400G. Further details about
the experimental method has been discussed in chapter-II.
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(a) (b)
Figure 6.3.1: Temperature dependences of (a) Asymmetry, (b) Linewidth(σ) for different values of applied mag-
netic fields obtained from the µSR measurements on BiSCCO-2223 aligned powdered samples.
6.3.3 Data Analysis
The data analysis was performed in the frequency domain using the Maximum Entropy
technique [59]. The time range of fitting was 8-10µs with a time resolution of 1.25ns. The
values of T0, T1 and T2 was estimated form the individual histograms. The looseness value
used 1.02 throughout and no apodisation was used in this case.
6.3.4 Discussion of Results
The asymmetry measured at different fields have been plotted as a function of tempera-
ture in Figure 6.3.1(a). The presence of a Meissner region in the sample could be confirmed
from the increase in asymmetry with temperature. In the low temperature region, the ex-
pulsion of magnetic flux is strong leading to a decrease of the asymmetry. With an increase
in the temperature, the normal fraction in the sample increases leading to an increase in the
asymmetry at higher temperature. The temperature dependence of the mean field has been
plotted in Figure 6.3.3 which increases with temperature for all the fields measured. The
mean field 〈B〉 measured in a µSR experiment can be compared equivalently to the bulk
magnetisation behaviour measured using a magnetometer. However, in the low tempera-
ture region, the 〈B〉 decreases first with an increase in the temperature which is possibly
because of the presence of trapped muons within the lattice.
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(a) (b)
Figure 6.3.2: (a) Temperature dependences of skewness α for different values of applied magnetic fields for
BiSCCO -2223 aligned powdered samples calculated from µSR measurements and (b) Field dependence of
linewidth σ and skewness α measured at 5K. With an increase in field, both α and σ decrease smoothly to-
wards the high field region.
Considering the temperature dependence of linewidth measured at different fields, generic
nature of superconducting transition could be found from the decrease of linewidth at higher
temperature with a constant value above Tc as illustrated in Figure 6.3.1(b). The evidence
of a melting transition of the vortex lattice from solid to a liquid phase could be seen from
change of skewness (α) across the melting line in Figure 6.3.2(a). The liquid phase is charac-
terized by a loss of correlation along the c-axis of the vortex lattice manifested in the reduc-
tion in σ at higher temperatures as described in Sec 6.2.4.
The 2D coloured plot describing the vortex phase behaviour has been plotted in Fig-
ure 6.3.5. In the low temperature region, the existence of a Bragg glass phase could be found
from the red colored region in the 2D colored plot (Region 1 in Figure 6.3.5). With an in-
crease in the temperature, the linewidth σ decreases spontaneously at higher temperatures
through a Melting Transition of the vortex lattice. The existence of the quasi-3D solid (Bragg
Glass Phase) has a very large spread in the phase diagram in the bottom left corner of the
phase diagram (Region 1 in Figure 6.3.5). From Figure 6.3.5(b), one can see a continuous de-
crease of σ towards the high temperature region and for higher field values, the transition
occurs over a larger temperature window. Similarly with an increase in the applied field
at low temperature, the density of vortices increases and this effectively changes the scale
of disorder in the vortex lattice as the mutual interaction between the vortices increase at
higher fields and the vortices become less rigid along the c-axis resulting in a lowering in
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(a) (b)
(c) (d)
Figure 6.3.3: Temperature dependence of mean field <B> measured in the superconducting state of BiSCCO -
2223 aligned powdered samples calculated from µSR measurements at (a) 600G, (b) 1300G, (c) 3500G, (d) 6300G.
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(a) (b)
(c) (d)
Figure 6.3.4: Muon lineshapes measured in different parts of the magnetic phase diagram in the vortex state (see
Figure 6.3.5) - (a) 5K/100G (Region 1 in Figure 6.3.5) withα > 0 and large σ, (b) 95K/600G (Region 2 in Figure 6.3.5),
α has changed slightly from Region 1 with a reduced σ due to a loss of c-axis correlation, (c) 5K/6300G (Region
3 in Figure 6.3.5) in the Glassy phase and (d) 80K/6300G (Region 4 in Figure 6.3.5), different from the other regions
by a negative value of α.
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(a)
(b)
Figure 6.3.5: Magnetic phase diagram in the vortex state of BiSCCO-2223 aligned powdered samples in a Field-
Temperature (B-T) plane - (a) The 3rd axis (represented by the colour bar on extreme right of the plot) denotes the
skewness α related to the 3-body correlations C(3)(q1, q2) in the flux lattice and (b) The 3rd axis denotes the
linewidth σ of p(B) connected to the structure factor S(q), a measure of the two-body correlation. An additional
contribution arises due to the temperature dependence of the σ with in-plane penetration depth λab in the
London limit : σ(T ) ∝ λ−2ab (T ). Qualitatively different regions of the diagram can be explained as follows :
Region 1 : Vortex Solid Phase with large σ [140, 142, 143], Region 2 : This region can be distinguished with a
sharp reduction in σ from the vortex solid phase, Region 3 : Vortex Glass phase with α>0 and lower σ than
Region 1, Region 4 : Macroscopic phase region above IL marked by a change of α from Region 1,2 and 3.
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σ (signature of a glassy phase) as shown in Region 3 in Figure 6.3.5. This field dependence
of α and σ have been plotted in Figure 6.3.2(b), both α and σ continuously decreases with
at higher fields towards the glassy phase. In the Region 4 of Figure 6.3.5, the value of α is
negative which is a signature of the liquid state and can be seen in the top right corner of
Figure 6.3.5(b).
6.4 Concluding Remarks
The vortex phase diagram of BiSCCO-2223 system has been studied using the µSR technique
for two different samples to understand the behaviour of the magnetic phase diagram in the
vortex state and find the nature of microscopic correlations in different parts of the phase
diagram. The existence of the Bragg Glass, vortex liquid and vortex glass phases have been
experimentally observed which were also theoretically justified in both cases. However,
an additional novel frozen liquid phase have been found in the intermediate field region for
BISCCO-2223 single crystals which has also been observed in the case of BiSCCO-2212 [1].
This new phase has the characteristics of liquid phase in terms of the nature of spatial cor-
relations while the dynamical nature has much in common with the glass phase. The mea-
surement on the aligned powdered samples provides evidence of a melting transition from
the Bragg Glass phase to liquid phase with an increase in the temperature while structural
transition also occurs with a change of the applied field to a glassy phase which is of similar
nature with the measurements on single crystalline samples. Theoretical work on the frozen
liquid phase is currently under progress to understand the exact nature of this of this phase.
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CHAPTER VII NATURE OF THE SUPERCONDUCTING STATE
7.1 Introduction
In recent times, Sr2RuO4 has remained a subject of constant interest in condensed matter
physics because of its unusual electronic properties which are manifested in the p-wave
nature of its superconducting state. It has been suggested that the superconducting con-
densate in Sr2RuO4 is a spin-triplet, [21, 174, 175, 176] state with odd parity [177, 178, 179]
unlike conventional BCS superconductors with s-wave pairing [9]. However, it was only
realised the superconducting nature of the materials (nearly after thirty years of the discov-
ery of the material) by the group of Y. Maeno at the University of Hiroshima in 1994 [180].
The material is highly two dimensional with a layered double perovskite structure similar
to (La, Sr)2CuO4 as illustrated in Figure 7.3.1(a). In the normal state, Sr2RuO4 behaves like a
quasi-2D Landau-Fermi liquid at low temperatures [181, 182, 178]. This was demonstrated
in the resistivity behaviour of the material at the low temperatures which follows a power
law (ρ ∼ T 2) dependence with temperature with an enhanced quasi-particle mass [181]. The
closest analogue is superfluid He3 [183] which is also a p-wave state and is a 3D Fermi liquid
[179].
7.2 Nature of the Superconducting State
The superconducting state of Sr2RuO4 has three key features :
1. Antisymmetric nature of the spatial part of the order parameter [184, 175, 185],
2. The existence of a spin-triplet state [21, 174, 175, 176] which is symmetric in time and
3. Evidence of time reversal symmetry breaking (TRSB) [186, 187], .
The non s-wave nature of the wave function manifests in its sensitivity to the impurity scat-
tering. The wave function describing the Cooper pairs in a conventional s-wave supercon-
ductor is symmetric in k-space and with respect to the interchange of the spin orientations
which makes it almost insensitive to the effects of impurities, imperfections etc. [179]. The
situation is different for a wave function possessing p-wave symmetry as the pairing order
no longer remain symmetric in the Fermi surface. The chiral nature of order parameter [185]
allows mixing of different k values originating from impurity scattering [178]. Addition of
impurities makes the superconductivity weaker and results in the decrease of Tc.
The triplet nature of pairing has been confirmed by measuring the Knight Shift in an
NMR experiment. The Knight shift is defined by the change of resonance frequency arising
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due to weak spin polarisation of the electrons under the application of an external magnetic
field. For an s-wave superconductor, this will go to zero in the absence of any spin polarisa-
tion in the zero temperature limit. However, for a triplet superconductor the magnitude of
this change remains constant independent of the temperature as the relative concentrations
of oppositely aligned spins in the plane will remain constant throughout [21]. This has also
been confirmed by Spin susceptibility measurements [175], where no change of spin sus-
ceptibility was observed below Tc which would be unexpected in the case of a symmetric
s-wave pairing.
The evidence of time reversal symmetry breaking (TRSB) has been established by using
µSR technique [186] and Polar Kerr Effect [187]. Spin-polarised muons can directly probe
local magnetic ordering with a sensitivity ∼ 10−4µB and in the case of a ZF measurement,
weak depolarisation of muons occur due to the presence of nuclear moments. The evidence
of the increase in the ZF relaxation with the decrease in temperature below the supercon-
ducting transition temperature indicates some source of magnetism intrinsic to the material.
This is only possible in a TRSB phase, where spontaneous currents give rise to a spontaneous
magnetic moment independent of the any external influences.
7.3 Magnetic behaviour of Sr2RuO4
7.3.1 Spontaneous symmetry breaking and low moment magnetism
The evidence for TRSB in Sr2RuO4 is manifested by the presence of spontaneous currents
leading to the generation of magnetic flux in the material. This suggests the existence of an
order parameter carrying non-zero angular momentum. The chirality can be explained by a
two-component order parameter and the orbital component can be expressed as,
d ∼ (px ± ipy) zˆ ∼ (p+/p−) zˆ (7.1)
and experimentally observed by phase sensitive quantum interference measurements [174].
The symmetry of the orbital component of the order parameter indicates the existence of
regions or domains with opposite chirality (p+/p−) which are energetically degenerate in the
absence of any external field. In a way, this could be visualized as part of sample contains
(+) regions while the rest has (-) chirality. However, under the application of an external
magnetic field, the degeneracy breaks and one of the two kinds of chiral states become
more favourable than the other. For an out of plane externally applied field (H ‖ −zˆ),
the (-) domains will be preferred. The domains with opposite chiralities are separated by
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(a) (b)
Figure 7.3.1: (a) Perovskite crystal structure of Sr2RuO4, layers of RuO2 are separated by Sr ions [179] (b) Square
vortex lattice structure obtained from SANS measurements [190].
domain walls (regions with zero magnetic flux) where the translational symmetry is broken.
The magnetic contrast between the domains with opposite chiralities could be employed to
detect the existence of domain walls and the spatial size of domains using surface scanning
measurements. However, there has been very little direct real space experimental evidence
of the existence of chiral domains and the surface sensitive techniques failed to measure
the signatures of spontaneous currents [188, 189]. Measurements at very low fields and
with small magnetic moments are a big challenge for these techniques and this is the reason
that techniques like µSR could be possibly employed for these purposes. The existence
of spontaneous flux is very weak and difficult to resolve using surface techniques as it’s
almost on the limit of the experimental contrast and µSR has clear advantage over other
resonance techniques like NMR for this types of investigation as the muon depolarisation is
even detectable in a ZF condition and sensitive to changes of internal magnetisation. In the
present work, we have performed detailed experimental investigation of the normal state
magnetic behaviour of Sr2RuO4 over a large temperature and field regions of the magnetic
phase diagram using high quality samples with negligible magnetic impurities.
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7.3.2 Unusual vortex phases at low magnetic fields
Sr2RuO4 is a weakly type-II superconductor for magnetic fields applied along the c-axis of
the sample. The vortex structure in the mixed state of Sr2RuO4 has been investigated by us-
ing a number of experimental techniques like µSR [191, 192, 193], SANS [190, 194, 195, 175],
surface microscopy [196, 197, 189] also explained theoretically by [198] to a high applied
magnetic field limit. The evidence of a square vortex lattice has been confirmed by these
techniques in the high field limit (≥ 50G). In the low field limit, surface sensitive techniques
like µSQUID force microscopy and Scanning Hall Probe Microscopy techniques are used to
detect the flux lattice structure and the evidence of low magnetic fields possibly existing in
the form of 1-dimensional vortex chain structures for fields applied at an angle to the ab-
planes of the lattice. The chain structure of vortices has been claimed to originate from the
mutual interactions between the pancake and Josephson vortices in a 2D plane [197]. For a
non-zero magnetic field, flux lines enter the favourable chiral domains as they provide en-
ergetic advantages to the vortices with a lower Hc1 and higher Hc2 [196]. The flux lines are
thought to enter into these domains along the domain walls, which also behave as pinning
sources to the vortices. The vortex domains are often tilted at an angle to the ab-plane of
the sample [196] and the misalignment between the applied field and vortex field axis pro-
vide a component of magnetisation transverse to the flux lines. This acts as a net attraction
force between the vortices resulting in higher density of vortices in some domains leading
to coalescence of flux lines at low fields [196, 197]. This kind of local vortex confinement is
uncommon for low-κ superconductors and could be possibly attributed to the chiral nature
of order parameter although no direct evidence of the existence of chiral domains or domain
walls have been found experimentally so far [188, 179, 178]. At higher fields, the vortex den-
sity increase sufficiently and the inter vortex repulsion becomes strong enough to destroy
the chain structure and vortices form a square lattice. Here we investigated the low field
behaviour of vortex lattice structure in Sr2RuO4 in order to find evidence of vortex pinning
and charge of lattice symmetry with temperature and applied magnetic fields.
7.4 Sample Details
7.4.1 Sample Growth
The data recorded in this thesis has been measured using the samples [199] grown at the
University of St. Andrews by Alex Gibbs from the group of Prof. A. P. Mackenzie. These
single crystals are believed to be the purest available with the highest achievable Tc = 1.5K.
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The crystals were grown using the Floating Zone technique. In this growth process, first
a polycrystalline feed rod is prepared and is placed in the growth furnace fitted with two
low-watt light bulbs. Two gold coated elliptically-shaped mirrors are used to focus the light
and the temperature at the focal point is ∼ 2500K. A seed crystal is connected to the end of
the feed rod is such a way that the molten part of the rod grows on the seed crystal. This
process has several relative advantages over other standard crystal growth techniques as
it’s a crucible free method, so impurity effects are minimum and this method also allows
the option of growing crystals in the atmosphere desired (ex: Ar, Oxygen etc.). In fact, the
crystals are so pure that it is possible to control the level of impurity doping in the crystals
for different experiments. The freshly grown crystals were annealed at a high temperature
to reduce the numbers of vortex pinning centres.
7.4.2 Sample Preparations
Two separate sample mosaics were prepared for simultaneous measurements in two dif-
ferent cryostats installed in respective spectrometers. The Copper sample holder used for
measurements in the LTF spectrometer has an areal size of 16.5mm × 12.7mm. Copper was
chosen for it’s good thermal conducting properties to ensure a good thermal link between
the cold fingers and the sample for accurate measurement of sample temperature. The mo-
saics were prepared using single crystals of different sizes grown in the same run and glued
on a mylar thin film (∼ 0.1mm) using a dilute solution of GE Varnish. Each of these crys-
tals are typically ≈ 2mm wide and the area was filled with nearly 15-20 crystals of different
lengths. The sample holder was covered with a Aluminium mylar thin film with some
degrader for further protection inside the dilution refrigerator. An almost identical sister
mosaic was used for measurements in the GPS spectrometer. However, the sample holder
had a slightly different size and the spatial arrangement of crystals were slightly different.
7.5 Experimental Details
The muon experiments have been performed at the GPS [53] and LTF [54] instruments lo-
cated at the µE3 beamline at PSI, Switzerland. Few terms are explained here which has been
used frequently at later stages of this thesis described in Table 7.1.
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Table 7.1: Experimental Terminology’s
True ZF First a longitudinal field of 100G was applied using WED in a direction
parallel to the muon spin polarisation to quench the internal magnetic
moments (or any other sources of spontaneous magnetisation, mostly
nuclear) from their existing state and the field was then switched
to zero. The moments will go through spontaneous relaxation at this
stage which can be measured using muons.
ZFC Abbreviation for zero field cooled.
‘Field on’ The measurement was taken in the presence of an external
applied magnetic field.
‘Field off’ An external field was first applied first and then switched to zero.
The measurement was taken after this state.
7.5.1 Longitudinal Measurements
7.5.1.1 Experimental
For conventional longitudinal measurements, the incoming muon spin polarisation stays
parallel to the direction of the applied magnetic field (see Figure 7.5.1(a)). In the present
case, the measurements were taken in a zero field (ZF) condition to measure the effects of
internal fields on the depolarisation of the muon spins. The normal state measurements
were carried out from a base temperature of 1.85K up to a maximum temperature of 300K.
No external field was applied before starting any ZF measurements. The true ZF state was
achieved by quenching the magnet using compensation coils. Positron counts were recorded
using two positron detectors placed ‘Forward’ and ‘Backward’ to the incoming muon spin
directions.
7.5.1.2 Data Analysis
The longitudinal measurements have been analyzed in the time domain using a very effi-
cient µSR fitting package WIMDA [58] written by Francis Pratt at ISIS, Oxfordshire, UK. The
time range of observation for most of the cases is ∼ 9-10µs. The values of T0 and T1 were
estimated separately for different histograms at their respective positron peak positions.
The value of T1 has been set typically at 10 bins (each bin reflects the resolution function ≈
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(a)
(b)
Figure 7.5.1: (a) Experimental geometry for a longitudinal µSR experiment. pµ is the muon momentum, σµ
is the muon spin polarisation, Happ is the external applied field. During a longitudinal experiment, the spin
polarisation stay along (or opposite) to the direction of the externally applied field and muons will depolarise
due to the external applied field and positrons will be detected in the Forward and the Backward detectors. (b)
Experimental set up for longitudinal experiments with transverse state of incoming muon polarisation. The
muon spin polarisation σµ is represented by the dotted blue line which has projections σµy and σµz along y
and z directions respectively. Although the spin polarisation of muon is expected to stay exactly perpendicular
to the direction of muon momentum due to its helicity (= -1), however, for a transverse experiment muon spin
stay at an angle θ ∼ 60◦ because of the muon spin rotator. For an externally applied magnetic field Happ, the
two components of polarisation will be sensitive to different components of the magnetic moments within the
sample under investigation. σµy will be sensitive to mx and mz while σµz will be influenced by mx and my
where mx,my,mz are the x, y, z components of magnetisation within the sample respectively. Simultaneously
there will be two sets of asymmetry containing information about different components of magnetisation. The
asymmetry corresponding to the {Forward-Backward} or {F-B} set will contain information about mx and mz
and the {Top-Bottom} or {T-B} asymmetry will provide information regarding mx and my . In the presence of an
large external applied, the {T-B} detectors (and the asymmetry) will record an oscillatory signal.
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1.25/2.5ns depending on the electronics used for data collection) above the positron peak
position to be on the safe side. These values differ significantly for different spectrometers
and also with the change of experimental geometries and data acquisition electronics used.
The data acquisition was performed using both PTA (old electronics system) and TDC (new
electronics which provides much faster data acquisition with more flexibility) electronics
syatem. Typically the values of T0 and T1 for TDC histograms are almost double than the
PTA formats. Once the values of T0, T1 and T2 were correctly estimated, the value of αl was
calculated from the calibration run. αl is a measure of relative detector efficiency and for
two detectors placed 180o opposite to each other, alpha can be expressed as,
αl =
N0F − BGF
N0B − BGB (7.2)
where N0F and N0B are the positron counts at t=0 at ‘forward’ and ‘backward’ detectors
and BG is the background contribution. One should not confuse this αl with the α used
later for TF-µSR analysis which parametrizes a muon lineshape. The value of αl estimated
from calibration run was kept fixed for analysing rest of the data sets taken in that chain of
experimental measurements. The ZF spin asymmetry was fitted using a exponential func-
tion (∼ A0e−λt, λ is the damping) in the time domain. Special care has been taken for deal-
ing with the background contributions as they could be different for different experimental
runs and detectors. For that purpose, first the individual histograms were fitted and the
background contributions have been estimated. After subtracting them from respective his-
tograms, the {F-B} asymmetry was fitted.
7.5.1.3 Discussion of Results
In the absence of any externally applied field, spontaneous depolarisation of muons occur
under the influences of internal fields in the material possibly originating from the nuclear
moments, presence of magnetic ions or other sources of magnetisation like magnetic do-
mains or impurities present in the material. The muon depolarisation behaviour was best
fitted using an exponential function (∼ e−λt, λ is damping) in the time domain for a ZF lon-
gitudinal measurement [see Figure 7.5.1(a) for experimental geometry]. On cooling below Tc,
the spontaneous muon relaxation increases with the decrease in temperature in the absence
of any external field [see Figure 7.5.2(a)] and this is in agreement with the earlier observa-
tions [186] confirming the existence of a TRSB state in Sr2RuO4[187]. Although at the lowest
temperature, the relaxation showed a slight downturn which was not observed [see red line
in Figure 7.5.2(a)] earlier [186]. Simultaneously ZF longitudinal measurements were also
performed on a sister mosaic in GPS over a larger temperature range in the normal state
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which showed good continuity with the T ≤ Tc data measured in LTF [see green line in
Figure 7.5.2(a)].
Further longitudinal measurements were performed with transverse muon spin polari-
sation [see Figure 7.5.1(b) for experimental geometry] over a larger temperature window in the
normal state of the superconductor [see Figure 7.5.3] after applying a field and switching
it back to zero. In this configuration, two sets of asymmetries [see Section 7.5.2.1 for details
about the experimental technique] were measured simultaneously, namely Forward-Backward
{F-B} branch [blue line Figure 7.5.3] and Top-Bottom {T-B} branch [yellow line Figure 7.5.3]. On
applying a field and removing it, the muon depolarisation [branch 3©, 4©, 5© and 6© in Fig-
ure 7.5.3] showed a different behaviour than the true ZFC state measurement (green line in
Figure 7.5.3).
In this state (applying a field and removing it), with an increase in the temperature from
3K to 250K, the relaxation (λ) decreases even further at higher temperatures and reaches a
saturation value above T = 150K ( 5© and 6© in Figure 7.5.3). This could be the signature of
a secondary phase transition influenced by the presence of a low level of magnetic impuri-
ties like Sr4Ru3O10 present in the sample [200]. However, on cooling the sample from the
maximum temperature, the relaxation ( 5© and 6© in Figure 7.5.3) do not follow the same path
as that of the warm up branches ( 3© and 4© in Figure 7.5.3) and the relaxation ( 3© and 4© in
Figure 7.5.3) is much lower than the warming branches ( 3© and 4© in Figure 7.5.3). The spon-
taneous change of λ could also be related to the existence of chiral domains giving rise to
spontaneous magnetisation. The irreversible behaviour of muon relaxation with temperature
has been studied in details in Section 7.5.2.
In order to fully characterise the behaviour of spontaneous relaxation in the normal state,
a longitudinal field was applied along the c-axis of of the crystal. The spontaneous spin re-
laxation decreases initially on application of a small field which is expected assuming the
suppression of dominant nuclear contribution in the sample (see Figure 7.5.2(b)). In the pres-
ence of an applied magnetic field, the nuclear moments are aligned in a direction which
gives rise to a lower value of relaxation, while the field is switched off the moments will
be randomised and the muon relaxation will increase. At a higher applied field (≈ 2kG), λ
reached a saturation value. However, on taking the field off and returning to a true ZF com-
pensated state, the muon spin relaxation rate increases significantly over the initial value.
One can see the hysteretic behaviour of λ from Figure 7.5.2(b). This can’t be completely
explained considering only the nuclear paramagnetic contribution in the normal state, how-
ever this suggests the presence of a weak magnetism in the material.
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(a)
(b)
Figure 7.5.2: (a) Behaviour of ZF Muon Spin Relaxation as a function of temperature for longitudinal polari-
sation of incoming muons. The red line is the data measured using LTF and the data points in green are from
GPS measurement. The vertical arrow indicates the superconducting transition temperature. The increase in
the relaxation below Tc is associated with the spontaneous TRSB [186]. (b) The hysteretic behaviour of the muon
spin relaxation in the normal state measured at 6K as a function of external applied magnetic field. In a ZF
condition measurement was started from the point marked by Initial ZF Relaxation and with an increase in the
applied field, it decreases rapidly at higher fields (green line). On reducing the applied magnetic field to a true
ZF compensated state, the relaxation (blue line) did not follow the same path as that of the green line. The final
relaxation at zero field was larger than the initial zero field value. The arrows in red indicate the way the data
was taken.
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Figure 7.5.3: Detailed behaviour of ZF Muon Spin Relaxation as a function of temperature. Multiple data sets collected using
both the LTF (<1.8K) and GPS (>1.8K) have been combined in a meaningful way in this plot. Different data sets have been
labelled in the inset of the plot window at the bottom left corner. All arrows except the purple arrows indicate the directions
in which the data have been taken. The red and green branches of measurements were taken with longitudinal polarisation
of muon (see Figure 7.5.1(a)) and the rest have been measured with transverse muon spin polarisation (see Figure 7.5.1(b)).
The blue line is the {F-B} branch of asymmetry and the yellow line corresponds to the {T-B} set. Different branches of the
plot are illustrated as follows: (1) The red line is the data taken in LTF. The sample was first cooled to the base temperature
(19mK) in a ZF condition. Using a longitudinal polarisation of incoming muons, spontaneous relaxation of the muons have
been measured with an increase in the temperature from 19mK to 1.7K. (2) The green line is the data taken in GPS with an
increase in the temperature from 2K to 15K and the true ZF condition was established before the measurement. (3) At this
point applied field was switched on and switched off to zero before next measurement. Muon relaxation measured in a true
ZF condition using the {F-B} detectors in the warm up cycle from 3K to 250K. (4) Muon relaxation measured in a true ZF
condition using the {T-B} detectors in the warm up cycle from 3K to 250K. (5) At the end of warm up cycle, the sample was
cooled from 250K to 120K (no change in the external field condition) and the data was collected from 120K to 40K. The yellow
coloured line represents the data collected using the {F-B} sets of detectors. (6) The muon spin relaxation measured in the
cooling cycle (from 120K to 40K) using {T-B} detectors. The purple coloured arrow in the lower part of the figure indicates the
temperature at which superconducting transition occurs.
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7.5.2 Measurements with Transverse Polarisation
7.5.2.1 Experimental
These measurements in the normal state were taken in the GPS spectrometer while simulta-
neously measuring the superconducting vortex behaviour at the LTF spectrometer. The in-
vestigation of the vortex phase needed transverse spin polarisation of muons. In an efficient
way we employed the transverse polarisation of muons in GPS spectrometer for longitudi-
nal measurements. For conventional longitudinal measurement, forward and backward de-
tectors are used for positron detection [see Figure 7.5.1(a) for experimental geometry]. However,
for our specific longitudinal measurement geometry, all four detectors were employed for
counting positrons. The four positron histograms recorded correspond to two different sets
of asymmetry groups : Forward - Backward (F-B) and Top - Bottom (T-B) [see Figure 7.5.1(b)
for experimental geometry]. In the presence of an applied field, one of two asymmetry sets will
record an oscillatory signal [{T-B} detectors in Figure 7.5.1(b)] while other will contain purely
relaxation effects [{F-B} detectors in Figure 7.5.1(b)]. However, for a ZF measurement, the two
asymmetry sets will contain magnetic contributions from different components of magneti-
sation from the sample as different components of muon spin polarisation will be sensitive
to different components of magnetisation. The {T-B} asymmetry will provide magnetic in-
formation about the x and y components of magnetisation and the {F-B} asymmetry will
contain magnetic contributions from the x and z components of magnetisation in the sam-
ple [see Figure 7.5.1(b)]. The temperature range of investigation was 1.8K - 300K and most
of the measurements were taken in ZF condition. Occasionally, a longitudinal field parallel
to the muon momentum was applied for investigating the field dependence of spontaneous
muon relaxation.
7.5.2.2 Data Analysis
The data was analyzed in a similar manner as explained in section 7.5.1.2 using WIMDA
[58]. However, because of the different nature of the measurements, the values of αl were
separately estimated from the calibration runs corresponding to respective histograms. For
a specific sets of histograms, the value of αl was calculated from respective calibration run
and kept fixed for analyzing the data collected under identical conditions. The background
contributions were subtracted separately for different histograms and the asymmetry was
fitted after that for each of the data sets. Once a pair of histograms were analyzed, the
identical procedure was followed for analysing the other sets of histograms.
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7.5.2.3 Discussion of Results
We carried out detailed ZF measurements in order to fully understand the behaviour of the
normal state magnetism in the sample and its possible temperature and field dependences.
In the measurements illustrated in Figure 7.5.3, we observed different behaviour in the re-
laxation function in the warming and cooling cycles, which we didn’t manage to measure
down to the lowest temperature limit. In this part, we measured relaxation behaviour over
the entire temperature and field regions available. First of all, analysing the ZF data, we
found that the relaxation corresponding to {F-B} and {T-B} detector sets looked more or less
identical for respective cycles of measurements. In Figure 7.5.4, the relaxation correspond-
ing to the {T-B} detector sets was plotted for different measurement cycles (see Figure 7.5.4
caption for measurement history).
In general, the relaxation measured in the cooling cycles are significantly lower than the
values measured during warming cycles (see Figure 7.5.4). In addition, different branches of
curves for respective cycles (warming - 2©, 4©, 5© and cooling - 1©, 3© in Figure 7.5.4) follow
a generic trend. The spin relaxation at the lowest temperature for the FC branch is almost
double that of the ZF value. The systematic comparison between the FC and ZFC state of
muon relaxation has been illustrated in Figure 7.5.5(b), where the field cooled (FC) branch
is higher than the ZFC branch for all the temperature up to a certain maximum temperature
Tm. This is most likely in support of the evidence of the existence of a magnetic phase in the
normal state of the sample which possibly undergoes a transition at Tm (marked by blue arrow
Figure 7.5.5(b)). For both ZF and FC cases, the transition could be realised from the behaviour
of the muon relaxation which goes through a sharp transition at around 150K. This sharp
change of relaxation could also arise in the presence of a very low level of magnetic impurity
in the sample, particularly Sr4Ru3O10 which has a curie temperature≈ 150K [200]. However,
the existence of magnetic impurity affects the superconducting transition and reduction of
Tc which has not been observed in the present case.
In Figure 7.5.6, the effect of magnetic field on muon depolarisation rate was shown.
Figure 7.5.6(a) and Figure 7.5.6(b) represent the muon relaxation rate measured using {F-B}
and {T-B} detector sets respectively. In Figure 7.5.6(a), the ‘red’ and ‘green’ lines represent
the relaxation behaviours corresponding to the ‘field off’ and ‘field on’ states respectively
(see Figure 7.5.6 caption for details of the experiment). In both the figures (see Figure 7.5.6(a),(b)),
the relaxation measured in the Field Off state is different form the values measured in the
Field On state. In Figure 7.5.6(a), in the high field limit, the relaxation in the Field Off state
(red line) is significantly larger than the Field On state (green line). In the presence of a large
external field along the c-axis, the internal moments (mostly nuclear) are expected to be
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Figure 7.5.4: Muon depolarisation behaviour as a function of temperature for different thermal cycling, The numbers cor-
responding to different branches of the curve indicate the order in which data was taken and arrows follow the direction
of thermal histories. The spin polarisation of the incoming muons was transverse to the applied field direction and the λ
recorded is the value measured using {T-B} detector sets (see Figure 7.5.1(b) for experimental geometry). Branch (1) : Starting
from a True ZF state, λ was measured in a ZF condition while cooling the sample from 200K down to the base temperature
1.6K. (At this point, a transverse field of 2000G was applied perpendicular to the muon spin polarisation and switched to zero to check
the hysteresis effect. Later a True ZF condition was established before starting next measurements.); Branch (2) : ZF measurement of λ
in the warm up cycle from 1.6K to 200K. (Then the sample was cooled down to 30K in ZF condition.); Branch (3) : λ while cooling
from 30K to 1.6K. (Several measurements were taken at this point in the ‘field on’ and ‘field off’ state at 3.45K, on completion of which
‘True ZF’ condition was again established.); Branch (4) : λ in ZF condition from 3.45K to 17.5K; (The sample was then warmed up to
200K and cooled down to 4.2K. a transverse field of 6400G was applied perpendicular to the muon spin polarisation (WED) and switched
to zero followed by ‘true ZF’ condition establishment. Then cooled down to 2K). Branch (5) : λ in ZF condition in the warm up cycle
from 1.6K to 200K.
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(a)
(b)
Figure 7.5.5: (a) Normal state behaviour of the µSR asymmetry in the ZFC and a ZFC+Field cycled states. In
the ZFC case, the sample was measured in the absence of any field, while measuring after a field cycling, the
relaxation increases. (b) Comparison of Field Cooled (FC) and ZFC response of Muon depolarisation, arrows are
in the direction data was taken. In the ZFC branch the sample was cooled in a zero field condition while in the
FC state, the sample was cooled doen to the base temperature 1.6K in the presence of a large transverse field of
6.4kG. The measurements were taken in the ZF case. The difference between the two branches is in the history
of cooling.
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(a)
(b)
Figure 7.5.6: (a) Field dependance of the muon relaxation at 3.5K as a function of applied field in the ‘Field on’
and ‘Field off’ states measured using {F-B} detector sets, (b) Field dependance of the muon spin rotation at 3.5K
as a function of applied field in the ‘Field on’ and ‘Field off’ states measured using Top-Bottom (T-B) detectors.
Both λFB and λTB have been measured simultaneously using respective sets of detectors. The measurement
history is as follows: At the lowest field, λ was measured in a ‘Field on’ state. The field was switched off
following that and λ was measured in a ‘Field off’ state. Then again the field was on to the next (higher) field
and λ was measured in a ‘Field on’ state. later on, the field was switched to zero to measure λ was measured in
a ‘Field off’ state. This sequence was followed while measuring rest of the data points. It is to be noted that the
external field was applied along the c-direction which means λFB represents relaxation and λTB as rotation in
the ‘Field on’ states.
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quenched and hence the muons will show a smaller relaxation, while in the absence of an
external field, the nuclear depolarisation will have a larger contribution towards relaxation.
In Figure 7.5.6(b), the {T-B} detectors recorded muon spin rotation. In this case, λ in the Field
On state is larger than the Field Off state at higher applied fields. It is to noted that the λFB
and λTB in Figure 7.5.6 were measured simultaneously. Starting from a ZF state, every time
when a field was applied, it was taken off prior to measurement at the next field value in
order to minimize the effects of field driven relaxation.
For a longitudinal measurement using transverse polarisation of muon beam, the asym-
metry behaviour is expected to be identical for materials without a source of spontaneous
magnetic origin. The nuclear paramagnetism leading to weak muon depolarisation is ex-
pected to be spherically uniform for a random distribution of moments. But in Figure 7.5.6,
one can see a clear difference in the value of λ1 between Figure 7.5.6(a) and Figure 7.5.6(b).
In the case of a material with internal magnetic moments oriented along different crystallo-
graphic direction, the {F-B} and {T-B} detector sets will measure λ corresponding to different
magnetic contributions (as illustrated in Figure 7.5.1(b)). The in-plane magnetic moments
(~mx, ~my) will only contribute to the λTB and moments mostly lying parallel to c-axis ( ~mz)
will have a dominant effect on λFB . The different natures of two curves possibly indicate
the presence of inhomogeneous magnetisation in the material.
7.5.3 Measurements in the Vortex Phase
7.5.3.1 Experimental
The measurements in the superconducting state have been performed at the LTF [54] spec-
trometer over a temperature range of 19mK - 2.5K with an external applied magnetic field
ranging from 10G - 100G. The magnetic field was applied along the c-axis of the sample and
transverse to the incoming spin polarisation direction. The measurements were taken in the
TF geometry and positron detectors were employed for accurate detection of positrons in
different directions. Data was collected simultaneously using a time differential controller
with a typical time resolution ≈ 1.25ns with approximately 16,000 bins per histogram. The
superconducting magnet surrounding the sample chamber was quenched before starting
any measurements.
1λ stands for relaxation (of muon spins) in the case of {F-B} set and rotation (of muon spins) for {T-B} set for
this case in the presence of an applied field.
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7.5.3.2 Data Analysis
In the frequency domain, the data was analyzed using Maximum Entropy technique. This
particular version of Maxent program used for analyzing these data was written by T. Rise-
man [59] and modified by Andreas Suter [201] specifically for handling the data format
obtained from new TDC electronics. The data was fitted over a time window of 10µs with
a time resolution of 1.25ns per histogram. The values of T0 for different histograms were
determined from the positron peak positions and T1 is typically 10 bins above the T0 value
estimated from the point where clear oscillation starts. The data was fitted with a looseness
1.05 which was kept constant throughout to avoid systematic influences on data.
7.5.3.3 Discussion of Results
Typically in most of the cases, the line shape has a double peak - one from sample and the
other from the background - the sample peak occurs at a lower field while the background
peak at a higher field (see Figure 7.5.7(a)), also reported earlier [192] for similar samples.
However, although the height of the sample peak is less than the background peak in Fig-
ure 7.5.7(a), but the weight of the sample peak (550 a.u.) is larger than the background peak
(477 a.u.). Its evident that a fraction of the total asymmetry is contributed by the sample,
while the rest is contributed by the background (see Figure 7.5.7(b)). The possible origin of
the background peak could be from the Cu sample holder or the Ag foil wrapped around
the sample mosaic. The existence of a background peak is common for smaller volumes
of samples when the beam profile has larger areal coverage than the effective sample area.
However, this is unexpected for the present case as the sample mosaic has a large volume
to cover the incoming beam. For similar situations in other experiments, we attached a
hematite block to the back of the sample holder for depolarising uncounted muons not hit-
ting the sample. However, use of hematite was not possible for the present case due to the
very low thermal conductivity of hematite at lower temperatures within a dilution refriger-
ator.
Initially it was thought that the higher field peak is coming from a part of sample which
is highly magnetic or possibly from the existence of vortex chains. The existence of vor-
tex chain structures in Sr2RuO4 was observed earlier using surface microscopy techniques
[197, 202], also in layered Cuprate superconductors [203, 204]. However, on performing
SHPM measurements on similar samples (grown under identical conditions with those ones
we measured), no evidence of vortex chain structures was found [189] while slightly impure
and lower quality samples provided information about the existence of the 1D vortex chain
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(a) (b)
Figure 7.5.7: (a) The field probability distribution measured at 0.5K at 30G. The red line is the data and the
green line is a simulated profile plotted on top of it to describe the sample peak (at left). The peak at higher field
(right) is the background contribution. (b) Systematic variation of the Background peak behaviour as a function
of temperature measured at applied field of 20G. It can be seen that the peak stays constant with the change of
temperature which supports the existence of a temperature independent presence of background in the data.
structures possibly dominated by the presence of anisotropic pinning potentials. Consider-
ing the presence of a vortex chain structure, the lineshapes were simulated with a sensible
resolution and compared with the lineshapes obtained from the Maxent and in no case, the
chain structure did manage to fit the data. This supports the argument of the non-existence
of the vortex chain structure in these crystals which were also claimed by [189].
However, on careful investigation of the the line shapes systematically, it was confirmed
that the peak at higher field is coming from the background (see Figure 7.5.7(b)). This could
be argued from the fact that a background peak has to be independent of any kind of applied
magnetic fields and temperatures and the peak height should always remain of the similar
order of magnitude which was the case for our lineshapes. The variation of the background
peaks is plotted for different temperatures in Figure 7.5.7(b) for an external applied field of
20G. It is evident that the signal changes very little with temperature and can be fitted with
a single Lorentzian (∼ 1
1+(h−h0)2/∆2 , h, h0,∆ are field, mode and linewidth respectively) in the
frequency domain.
First of all, the analysis in the frequency domain can be used to assess the superconduct-
ing state of the sample. The data suggests that more than one magnetic phase exist simulta-
neously in the sample at low fields - (a) Meissner State and the (b) Vortex phase. Below Hc2,
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(a) (b)
Figure 7.5.8: (a) Temperature dependence of mean field <B> measured at an applied field of 30G as estimated
from the Maxent analysis. (b) A lineshape measured (red line) at 0.7K at an applied field of 30G and the simu-
lated lineshape (green line) plotted on top of it.
the material goes to a mixed state, while flux lines start entering the sample and order them-
selves in the most equilibrium configuration based on the energy balance forming a vortex
lattice. Details of the vortex lattice structure will be explained later. Figure 7.5.9(b) illustrates
the behaviour of the muon spin asymmetry as a function of temperature for different applied
fields. A sharp increase in the asymmetry was observed systematically at low temperatures
(see Figure 7.5.9(b)) for all fields which can arise due to the presence of a Meissner region.
This is also supported by the fact that in Figure 7.5.8(a), the mean field decreases at lower
temperatures. If the sample is uniformly superconducting, then 〈B〉 should remain constant.
Due to Meissner repulsion, at temperatures close to Tc, only a small amount of flux is ex-
pelled from the sample, which increases significantly as the temperature goes down. Thus
a large fraction of the sample turns into Meissner Phase which drives away magnetic flux
into the vortex regions [7]. This is similar to the intermediate state of a classical type-II su-
perconductor. It’s hard to exactly visualize the spatial distributions of these regions within
the sample in the superconducting state. However, this could be described in a way that the
vortices are confined in smaller volumes of the sample while larger areas stays in Meissner
phase.
Analyzing the TF-µSR line shapes obtained using Maxent analysis is an efficient way to
investigate the vortex state of the material [205]. The distribution of magnetic fields corre-
spond to the width of lineshape and the shape tells us about the spatial symmetry of vortex
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(a) (b)
Figure 7.5.9: (a) Temperature dependence of the second moment (σ) of the TF-µSR lineshapes for different ap-
plied fields. The arrows are points where the lattice transition occurs. (b) Behaviour of the muon spin asymmetry
as a function of temperature for different applied fields.
lattice. In Figure 7.5.9(a), the linewidth (σ) for different fields has been plotted as a function
of temperature. All curves follow a generic trend indicating a transition at higher temper-
atures close to Tc. At 30G, the transition occurs at a point (marked by the purple arrow in
Figure 7.5.9(a)), when the Triangular vortex lattice started changing to a Square vortex lattice.
In order to find the detailed nature of the vortex lattice and obtain structural information,
the lattice structure was calculated using a Hankel function with a Gaussian rounded core
structure. The simulated lineshape was compared with experimental lineshapes obtained
from Maxent. The flux lattice was described using an isotropic vortex lattice structure over
the temperature and field regimes of current experimental study. A change of vortex lattice
structure was seen with temperature and magnetic field. In the low field and low tempera-
ture regime, the lattice structure is triangular with a small presence of disorder (≤ 5%). The
presence of pinning disorder is common in the low temperature limit which dies away with
an increase in the temperature as the excess thermal energy helps the vortices to overcome
the pinning barrier and form a periodic structure. In our simulations, we also observed the
disappearance of pinning at higher temperatures and the lattice stays perfectly triangular
at lower fields. However, at higher fields another transition in the vortex lattice structure
occurs and the lattice becomes square. The changes in the vortex lattice structure has been
parametrized by the angle (θ) between the two lattice vectors in the vortex lattice which
changes during a structural transition. However, in order to find the goodness of obser-
199
CHAPTER VII EXPERIMENTAL DETAILS
(a) (b)
Figure 7.5.10: (a) Temperature dependance of shape parameter (β) at an applied field of 30G. The change of
lattice symmetry can be realized with the change in β. (b) The angle between the lattice vectors (θ) as a function
of temperature at 30G indicating a continuous lattice transition.
vation, another parameter β has been considered to characterize the lattice transition. The
transition parameter β is defined as [52],
β =
(
Bpk − Bmin
σ
)
(7.3)
where Bpk and Bmin are the fields corresponding to the peak and the minimum of p(B) and
σ is the line-width. These two quantities are independent of the complicated core structure
and temperature as long as the symmetry remains constant.
The value of superconducting penetration depth (λs) stayed almost constant for all the
lineshapes around the mean value≈1900(50)Å consistent with the experimentally observed
[190, 192, 191] and theoretically estimated [206] values. It was observed that the value of λs
determines the slope of the lineshape towards higher fields. The value of maximum cut-off
field depends on the value of ξs. In present case, ξs ≈ 300Å throughout the phase diagram
and the value of ξs is not sensitive to the fits and it has negligible effect on the overall nature
of the field probability distribution.
In the low field region, the vortex lattice is triangular for all temperatures up to the
transition temperature and as field goes higher, the lattice turns out to be square. In Fig-
ure 7.5.10(b), a continuous variation of θ was found indicating a smooth transition of the
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(a) (b)
Figure 7.5.11: (a) Field dependance of shape parameter (β) at 1K. (b) Angular variation of lattice structure as a
function of field at 1K. The arrows in both cases indicate the lattice symmetry in different field regions.
vortex lattice from ‘Pinned Triangular’ → ‘Triangular’ → ‘Square’. Figure 7.5.10(a) describes
the behaviour of β as a function of temperature. The excellent agreement between the sim-
ulation and experimental values confirms the nature of our observation. In the triangular
phase, β ≈0.3, while for a square lattice it is ≈ 0.5, in agreement with the theoretical values.
The triangular to square transition in vortex structure also occurs with field. The be-
haviour of the lattice structure at 1K has been plotted as a function of the applied field in
Figure 7.5.11. At higher temperatures (≥ 1K), the lattice stays square for all applied fields
≥30G. The existence of a square structure of vortex lattice is expected at higher fields and
was confirmed by a range of experimental techniques like SANS [190, 194, 195] and µSR
[191, 192]. In Figure 7.5.11(b), θ stays constant for any fields ≥ 50G which is in agreement
with the observation made by SANS [190].
This kind of detailed phase transition behaviour at low fields in the vortex lattice struc-
ture of Sr2RuO4 has not yet been reported anywhere yet to the best of our knowledge. How-
ever, the existence of a triangular vortex state was observed earlier by [196] using µSQUID
force microscopy and the triangular → square transition in lattice structure with field has
been observed using Scanning Hall probe microscopy measurements [189] on similar crys-
tals grown in different batch. Using extended GL calculations, the possibility of a similar
kind of vortex lattice transition was predicted by Hebb and Aegerter [198] as a function of
Fermi surface anisotropy. In Figure 7.5.12(b) is an estimated phase diagram of low field vor-
201
CHAPTER VII CONCLUDING REMARKS
(a) (b)
Figure 7.5.12: (a) Field dependance of Asymmetry and skewness(α) measured at 1K. (b) An estimated magnetic
phase diagram in the vortex state of Sr2RuO4. The 2D coloured plots represent the vortex lattice structures in
different parts of the phase diagram. In the low field and temperature region, the vortex lattice is triangular in
the presence of a low level of pinning. With an increase of temperature at a constant applied field, the vortex
lattice structure changes to a perfectly triangular one and the effect of pinning disappears. In the high field
region the vortex lattice is square. The arrows indicate the direction of vortex lattice transitions.
tex state of Sr2RuO4. The arrows indicate the direction of changes of lattice symmetry with
temperature and applied field. The phase boundaries are approximated based on the basis
of the experimental results and analysis.
7.6 Concluding Remarks
The magnetic behaviour of Sr2RuO4 in the normal state and the vortex phase has been in-
vestigated by using the µSR technique. In the normal state, the evidence of a time reversal
symmetry broken state originating due to existence of chiral order parameter has been con-
firmed by ZF µSR measurements. This is in agreement with the observations made earlier
[186, 187]. The evidence of a secondary phase transition is observed at a temperature ≈
150K, which indicate the presence of a secondary magnetic phase intrinsic to the material or
the presence of a low level magnetic impurities. The evidence of this secondary magnetic
phase has been manifested from the irreversible behaviour of the muon depolarisation with
temperature. The field dependence of the same has also been studied which indicates that
even in a zero field condition the relaxation is magnetic field history dependent. In a field
cooled condition, the relaxation rate is lower than the ZFC rate, which is a signature of the
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magnetism contributing in addition to the nuclear paramagnetic moments.
In the superconducting state, the behaviour of the vortex lattice structure in the low
magnetic field regime has been measured using µSR. The existence of the secondary peak at
higher fields has been identified as the background contribution for all the measurements.
Despite of the presence of the background, we managed to find excellent agreement between
the simulated and experimental line-shapes. The values of ξs ≈ 300Å, λs ≈1900Å and κ ≈
6 have been estimated by simulating and comparing the lineshapes with the experimental
data, which are consistent with the values reported earlier [190, 191, 192]. The lineshapes are
not sensitive to the value of ξS at these fields. We observed a transition in the isotropic vortex
lattice structure as a function of both field and temperature which has not been observed
with such details earlier. In the low field regime, the lattice structure is triangular in the
presence of a small amount of pinning disorder at the lowest temperature and with the
increase in temperature it becomes triangular. At higher fields, the lattice structure goes
through a similar kind of transition from ‘pinned triangular’→ ‘triangular’→ ‘square’. Some
evidence of this kind of field driven transition was reported earlier [196, 189, 198]. The
phase transition behaviour was measured by calculating the transition parameter β which
has shown excellent level of agreement between the experimental and simulation results.
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The experimental results presented in this thesis can be summarized into three key Sec-
tions. The first three experimental Chapters (Chapter III, IV, V) contain the work on inter-
play between the superconductivity and ferromagnetism in the case of superconducting
spintronics. This includes working on several multilayered thin film structures of different
materials involving ferromagnetic and superconducting materials. Most of the microscopic
characterisation have been performed using a combination of the PNR and LE-µSR tech-
niques. In the Chapter-VI, the nature of the vortex phase diagram in the mixed state of
BiSCCO-2223 has been investigated using µSR technique. The next Chapter (Chapter-VII)
provides a description of the unusual magnetic behaviour of the Sr2RuO4 in the normal
state and the nature of the superconducting phase in the mixed state using µSR technique.
8.1 Superconducting Spintronics
8.2 Fe/Pb Multilayered Structure
8.2.1 Conclusion
The interaction between the superconductivity and ferromagnetism has been investigated in
the bilayered and trilayered Fe/Pb heterostructures. The dominant superconducting contri-
bution in these systems have been found to exist in the form of a Meissner State (forH ≤ Hc1)
and the magnetisation is symmetrically distributed (with respect to the centre of the Pb layer)
across the thickness of the Pb layer from both Fe/Pb interfaces. On systematically investigat-
ing the effect of Fe on the superconducting state of Pb, it has been found that a little amount
of Fe has significant influence on the Pb superconductivity which has been realised in the
form of an enhancement of λs in the Meissner phase with an increase in the thickness of the
Fe layer(s). This is a signature of Proximity Effect in a F/S heterostructure. An additional
influence of Fe magnetisation on the magnetic state of Pb has been found simultaneously in
the areas which are in the vicinity of the Fe/Pb interface. In the normal state, evidence of in-
duced magnetism (magnetic notch) has been found in the Pb layer near the Fe/Pb interface(s)
in a direction opposite to that of the spin polarisation of Fe layer(s) which stays almost con-
stant (in height and width) with the change of temperature (in the superconducting state) and
externally applied magnetic field. This inverted magnetic region has a finite spatial spread
which is of similar nature for the cases of bilayered and trilayered structures and could be
approximated as a long wavelength Spin Density Wave (SDW) observed earlier in Fe/Pb/Fe
trilayered structure using LE-µSR technique [65].
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8.2.2 Scope of work
1. The exact origin of the of the magnetic notch or inverted magnetic region at the F/S inter-
face is not entirely clear yet. This is most likely originating because of influence of Fe
spin polarisation on Pb layer. However, in order to understand the origin and detailed
nature of this magnetic notch, theoretical investigation could be done on these systems.
2. The temperature dependence of the magnetic notch in the superconducting state is an-
other interesting thing of study for the bilayered and trilayered structures.
3. The present work indicates that the addition of Fe in a Fe/Pb heterostructure has very
strong influence on the superconducting behaviour of Pb observed in the form of an
enhancement of λs(dFe) in the Meissner state. However, it could be envisaged that
a certain critical volume of Fe (critical thickness dc for the present case) would possibly
completely destroy the superconducting correlation of Pb in a Fe/Pb heterostructure.
Possible investigation could be done in this context to find the critical thickness (dc) at
which no pair correlation will survive in the bilayered and trilayered F/S structures.
4. The signature of the pair breaking effect could be measured as a function of the thickness
of the superconducting layer to find the critical minimum thickness of the Pb layer
below which superconducting order will not survive in a Fe/Pb heterostructure.
5. Using LE-µSR, the existence of a two component Spin density wave (SDW) was found
in a trilayered Fe/Pb/Fe structure [65], while it will be interesting to look for the evi-
dence and nature of the SDW (if any !) in the case of a bilayered Fe/Pb structure using
LE-µSR technique.
8.3 Superconducting Spin Valve Structure (Nb/Py/Nb/Py)
8.3.1 Conclusion
The coupling between the superconducting and ferromagnetic orders in a superconducting
spin valve structure has been measured using LE-µSR technique in this case. In the nor-
mal state, the depth (thickness) dependent magnetisation has been found to be symmetrically
decaying from both the Py/Nb interfaces towards the centre of the Nb layer. The overall
flux density profile (as a function of thickness) can be described by two magnetisation compo-
nents characterised by their respective length scales. The slower component of magnetisation
decays over a characteristic length scale of 12-20nm which remains of similar order of mag-
nitude on cooling the sample below the superconducting transition temperature (Tc). In the
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superconducting state, an additional contribution towards the magnetism arises, possibly
due to the spin polarisation of the Cooper pairs near the Py/Nb interfaces. In a LE-µSR
experiment for a F/S/F structure, muons rapidly depolarise in the ferromagnetic layer and
cannot measure the fields in the close vicinity of the F/S interface(s) in the normal state.
However in the superconducting state, the spin polarisation of the singlet Cooper pairs low-
ers the effective magnetic fields in these areas and allowing muons to detect these fields
within their time window which was observed in the flux density profile in the form of a
shift of the effective F/S interfaces below Tc from their normal state positions.
8.3.2 Scope of work
1. The effect of the spin polarisation of the Cooper pairs in the superconducting state near
the Py/Nb interface(s) can be studied for different thicknesses of the Nb layer keep-
ing the F layer(s) thickness(es) constant. This will allow systematic investigation of
the size of this effect in the small (dNb ≤ λs) and large thickness (dNb ≥ λs) limits
(simultaneously in the presence of a Meissner State).
2. In the same structure measured earlier, the change of the magnetic flux density profile
within the Nb layer in the superconducting state can be studied as a function of de-
creasing temperatures below Tc. Considering the reduction of the magnetisation in the
superconducting state near the F/S interfaces, it is expected that the difference of the
magnetic flux density profiles (betwen the superconducting and normal states) will system-
atically increase with decreasing temperatures below Tc with the maximum difference
at the lowest temperature as expected in theory [35].
3. The magnetisation behaviour for a complete spin valve structure in the presence of a
AFM bottom layer can be studied to compare with the current experimental observa-
tion. The AFM layer can be used to switch the direction of magnetisation of the top
(free) F layer allowing the complete struture to switch between parallel to antiparalell
state. The thickness dependent magnetic flux density profile for such a structure is
thus expected to be antisymmetric for AP orientation of the F layers and the spin po-
larisation of Cooper pairs will have a different contribution compared to the present
(parallel) case in the superconducting state.
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8.4 Magnetic Films of perpendicular anisotropy (Co/Pd/Nb67Ti33)
8.4.1 Conclusion
In this F/S heterostructure, the superconducting Nb67Ti33 layer stays in contact with a F
block with magnetic moments aligned perpendicular to the plane of the film. The F block is
essentially a stack of Co/Pd blocks which are aligned antiferromagnetically with respect to
each others, separated by Ru spacer layers. The magnetic behaviour of such a structure has
been investigated using a combination of PNR and LE-µSR techniques. In the normal state,
the nuclear structure has been characterised using PNR technique. The magnetic switch-
ing behaviour of different magnetic blocks has been found from the PNR measurements at
different applied magnetic fields. The thickness dependent magnetic flux density profile of
this structure has been characterised using LE-µSR technique. In the normal state, an asym-
metric (with respect to the centre of the Nb67Ti33 layer) magnetic flux density profile has been
measured within the Nb67Ti33 layer characterised by two length scales (slower component
with λ ∼ 15− 20 nm and fast component with λ ∼ 1− 2 nm) decaying from the F blocks to-
wards the centre of the Nb67Ti33 layer. In the superconducting state, these two length scales
change very little from their normal state values. However, the magnetic flux density pro-
file gets modified in the superconducting state most likely via a modification due to the spin
polarisation of the Cooper pairs at the F/S interfaces where a range of magnetic fields which
were not accessible in the normal state in the muon time window can now be measured by
the muons in the superconducting state.
8.4.2 Scope of work
1. The use of Nb67Ti33 as the superconducting layer in the current sample structure was
not ideal for PNR measurements owing to its large λs in the superconducting state.
Replace Nb67Ti33 with Nb with identical magnetic layers on both sides could be very
useful for simultaneously probing the spin polarisation effects at the interfaces using
PNR.
2. Working on the same system measured earlier (Co/Pd/Nb67Ti33), however with a
thicker Nb67Ti33 layer could be advantageous to find if there any mutual competetion
(or simultaneous coexistence) between the orbital (in the form of Meissner expulsion) and
spin coponents (spin polarisarisation of the Cooper pairs) of magnetisation in the super-
conducting state below Tc.
3. Using LE-µSR technique, the field dependence of the magnetic behaviour of the sys-
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tem is another interesting area of study to realise the effects of switchings of the fero-
magnetic blocks on the superconducting state of Nb67Ti33 and on the additional com-
ponent of magnetisation present below Tc at the F/S interfaces.
8.5 Magnetic Investigation in the vortex state of BiSCCO-2223
8.5.1 Conclusion
The magnetic phase diagram in the vortex state of BiSCCO-2223 has been studied using µSR
technique. Different parts of the phase diagram have been identified with their characteristic
linewidth (σ) and skewness (α) and the behaviour of local spatial correlations of most of
these phases are also explained theoretically. The evidence of a temperature driven melting
transition from a quasi-3D Bragg Glass phase to a vortex liquid phase has been found across
the melting line while the existence of a disordered glassy phase has been found in the higher
field region (above the crossover field). The transitions from the BG state to both the liquid
and glass phases are theoretically and experimentally believed to be first order, but whether
they constitute a single continuous phase transition to zero temperature is less certain. In the
single crystalline samples, the existence of a novel phase has been found in the intermediate
field region at low temperatures in the form of a triangular lagoon in the B − T plane. This
novel frozen liquid phase has the features of spatial correlations similar to that of a vortex
liquid state, however distinguished by reduced dynamics which has also been observed in
the case of BiSCCO-2212 [1], while the localised nature of pancake vortices are identical to
that of a 3D correlated phase. Theoretical work on this part of the phase diagram is currently
underway to find exact nature of this phase.
8.5.2 Scope of work
1. Theoretical work needs to be done (currently under progress) to describe the nature
of the novel frozen liquid state to confirm the nature of the correlation and dynamical
behaviour in this phase.
2. A few more temperature scans could have been performed in the intermediate field
region on single crystaline sample to get a more homogenous distribution of points to
construct the magnetic phase diagram in the vortex state.
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8.6 Magnetic behaviour of Sr2RuO4
8.6.1 Conclusion
Using µSR technique, the microscopic magnetic behaviour of Sr2RuO4 single crystals has
been studied in the normal and the superconducting states. The evidence of a TRSB state
has been found in the superconducting state in a ZF-µSR experiment as the spontaneous ZF
muon relaxation increases with a decrease in the temperature below Tc, which is in agree-
ment with the earlier observation [186]. In the normal state, the evidence of a weak and
hysteretic magnetic state has been found over a wide temperature and field region from
the ZF muon relaxation behaviour which is beleived to be in support of the existence of
the triplet nature of the order parameter in Sr2RuO4 giving rise to spontaneous currents in
chiral domains. In the superconducting state, the vortex phase diagram has been studied
to find the nature of vortex lattice structure, symmetry and its behaviour in different parts
of the phase diagram (B − T plane). In the low field region, the vortex lattice is triangu-
lar (in the presence of pinning) which changes to a perfectly triangular phase in the absence of
any pinning at higher temperatures. Evidence of another vortex lattice transition has been
found with an increase in the applied magnetic field at low temperatures from a triangular
(with pinning) to a square (no pinning) phase in the high field region while the later was also
observed earlier using SANS [190]. These kinds of temperature and field driven transitions
in the vortex lattice structure were in agreement with the theoretical predictions made us-
ing extended GL calculations considering the contributions from Fermi surface anisotropy
[198].
8.6.2 Scope of work
1. Detailed investigation of the hysteretic nature of the normal state magnetic behaviour
can be studied using µSR. With the present experimental data, evidence of hysteresis
behaviour can be found. However, systematic nature of the hysteresis could be studied
for supporting this observation.
2. In the vortex state, the data analysis could be alternatively performed by considering
the background component simultaneously with the sample peak while simulating
the lineshapes.
3. The normal state, the magnetic behaviour of Sr2RuO4 could be possibly studied us-
ing an alternative method like high sensitive magnetometry technique to support the
observations made using µSR.
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